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PLASTIC ANALYSIS SHALLOW CONICAL 


Onat! 


SYNOPSIS 


complete solution obtained for simply supported shallow 
conical shell loaded through rigid central boss. The solution enables one 
assess the effects changes onthe loadcarrying capacity cir- 


cular plate. The results are compared with previous theoretical and experi- 
mental work. 


INTRODUCTION 


This paper concerned with the plastic behavior and the load carrying ca- 
pacities shells under axially symmetric types loading and 
support. The purpose the paper two-fold: first complete explicit solu- 
tion obtained for simply supported conical shell that loaded through 
rigid circular boss, Fig. the accepted terminology the theory rigid, 
perfectly plastic solids, complete solution consists the specification the 
critical loadintensity which the shell begins deform and associated fields 
stress and incipient plastic flow. simplifying assumptions are used 
the equations equilibrium, the yield condition, the flow rule beyond the 
starting assumption rigid-plastic material that obeys Tresca’s yield con- 


Note.—Discussion open until May extend the closing date one month, 
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the copyrighted Journal the Engineering Mechanics Division, Proceedings the 
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The results presented this paper were obtained the course research spon- 
sored the Office Ordnance Research, the Army, under Contract DA- 
19-020-ORD-4795, 

prof, Engrg., Brown Univ., Providence, 
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dition. Whereas such solutions have been obtained for circular plates and cy- 
lindrical shells (1),2 the writer’s knowledge, complete solutions were 
available for shells more complicated shape. Studies this field have 
far been limited (as 1960) obtaining upper and lower bounds the load 
carrying capacity spherical shells (1), (2) and some important types 
pressure vessels (3), (4). 

The second purpose the paper bring out the importance the changes 
geometry the load carrying capacity circular plates. order 
this short digression the theory limit analysis will attempted. 
structure composedof rigid, ideally-plastic material and subjected slowly 
increasing loads remains rigid until the load intensity reaches critical value. 
this load intensity the structure will start deform plastically. 

found that (5) the subsequent changes geometry are neglected, then 
the structure will continue deform indefinitely while the load intensity re- 
mains this critical value. However, the changes geometry are taken 
into account, then the continuing quasistatic plastic deformation requires either 
decreasing increasing loads. The first possibility constitutes clear case 
collapse and the critical loadintensity mentioned previously has substan- 
tial physical significance and corresponds the load carrying capacity the 
structure. The second case general indicates reserve strength beyond 
the critical load intensity: there may wherethe structure can continue 
carry appreciably higher loads without excessive deformation. should 
clear from this discussion that the rational assessment the influence 
changes geometry the load carrying capacity desirable complement 
the theory limit analysis. may noted that the influence geometry 
changes has already been considered for rigid-plastic frames (6) and (in 
approximate manner) for circular plates (7) and for three dimensional plastic 
bodies (8), (9). 

Experimental results are available for beams (10), arches and plates (11), 
(12) which show the effects geometry changes and corroborate the theoret- 
ical analysis some cases (7). 

Returning circular plates observe that for certain conditions loading 
and support the incipient velocity field corresponding the critical load in- 
tensity suchthat the plate becomes shallowcircular cone immediately after 
the start plastic deformation (13). Thus, the exact solutions offered this 
paper may readily used assess the effects geometry changes the 
load carrying capacity plates. 


GENERALIZED STRESSES AND EQUATIONS EQUILIBRIUM 


Fig. shows thickness with the stress resultants trans- 
mitted across its boundaries. The function and are the meridional and 
circumferential bending moments, and the meridional and circumfer- 
ential membrane forces, and the shear force. The arrows Fig. indicate 
the sign convention employed for forces and couples. 

The equilibrium the shell element free external loads, requires that 


d(sNo) 


Numbers parentheses—thus (1)—refer corresponding items the Bibliography 
(see Appendix), 


if 

ay 
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CONICAL SHELLS 


and 


which denotes the distance from the apex the cone and the angle 

For the velocity field the incipient plastic flow, the usual assumption 
(Bernoulli-Navier hypothesis) will made that the particles originally 
normal the undeformed middle surface continue remain normal 
the middle surface this deforming. 


FIG, CONICAL SHELL 
WITH CENTRAL BOSS 


FIG, CONVENTION 


the meridional and normal velocity components are denoted and 
respectively, the positive directions being those indicated Fig. the prin- 
cipal rates extension the middle surface are 


The principal rates curvature the middle surface are 


From the point view the general theory limit design (14) the stress 
resultants Mg, Mg, Ng, and are the generalized stresses the present 


j |p M, M, 
(2a) 


Since the transverse shear has little influence yielding (15) 
generalized stress but has the nature reaction. 


YIELD CONDITION AND FLOW RULE 


critical combinations generalized stresses. These combinations are best 
expressed terms yield function Mg) and positive con- 
stant the generalized stresses acting the element are such 
then the element remains rigid. the other hand, that is, the yield 
condition satisfied, then the element becomes plastic and may deform plas- 
tically. For shell element composed ideally plastic material (no strain- 
hardening) combinations generalized stresses for which are not per- 
missible. 

the case the accompanying plastic deformation (that is, gener- 


alized rates strain) not arbitrary, but related the generalized stresses 
the equations: 


which anundetermined positive constant. Eqs. areordinarily referred 
the flow rule. 

For the discussion flow rules and convenient totreat 
the stress resultants My, Mg, Ng, and rectangular Cartesian coordin- 
ates space. The generalized strain-rates may 
thought components vector inthis space. The yield condition 
represents closed convex surface (yield surface) this space. The flow 
rule (Eqs. 4), this geometrical interpretation, simply states that the vector 
with the components and the direction the outward nor- 
mal the yield surface the stress point considered. 

The yield function intimately connected with the plastic behavior the 
shell material plane stress. fact, once this behavior known and the 
Bernoulli-Navier hypothesis adopted for the deformation, then the yield func- 
tion can found integration procedure. Such procedure was devel- 
oped Onat and Prager (2) and applied shells revolution com- 
posedof rigid-plastic material that obeys Tresca’s maximum-shearing stress 
criterion. Onat and Prager have presented (2) complete description the 
resulting four dimensional yield surface. 

For the purposes the present paper, shall interested the points 
this yield surfacethat give riseto plastic deformations the following type: 


can easily shown that such points lie definite portion the yield 
surface. The mathematical description this portion involves only the cir- 
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CONICAL SHELLS 


cumferential stress resultants and and has the simple form 


which the bending moments and membrane forces are made dimensionless 
are used, with appropriate subscripts, denote the resulting dimen- 
sionless quantities. Here and are the maximum plastic moment and 
membrane force, respectively, which cross section can carry and the 
yield stress the shell material pure tension. 

remarked previously, the meridional stress resultants and 


not occur Eqs. However, they are not entirely arbitrary and must satis- 
the following inequalities 


may remarked that Eqs. and may obtained independent the 
previously mentioned work (2) considering the strain-rate distribution 
across the thickness the shell (which follows from Eqs. and the Bernoulli- 
Navier hypothesis) and using Tresca’s yield condition and the associated flow 
rule. However, desired simply use Orat and Prager’s (2) tables for 
deriving Eqs. then may Eq. obtained from the first 
line Table that work and Eq. from the first two lines their Table 
replacing the subscripts and and respectively. 


For future convenience, inequalities Eq.6 may written the following 
form 


which 


plane, the above inequalities represent domain bounded two 
symmetric parabolic arcs, Fig. 


COMPLETE SOLUTION 


Consider the conical shell shown Fig. The load acts rigid cir- 
cular boss which the shell built in. the supports, frictionless sliding 
action allowed. The complete solution the problem the speci- 
fication the critical load intensity, P*, and associated fields stress and 
incipient plastic flow. These fields are specified giving the stress result- 
ants Mg, Me, and Ng, and the velocity components and functions 
the length along the generator. 

The stress resultants must satisfy the equations equilibrium, Eqs. 
Moreover, the state stress generic point the shell must presented 
point on, inside the yield surface the first case the strain 
rate components must satisfy the flow rule, the second case they must van- 


and 


ish. The field quantities Mg, and and and their derivatives 
with respect may exhibit various types discontinuities. systematic 
discussion these discontinuities will not attempted here. sufficient 
for the present purpose mention only that must continuous and have 
piecewise continuous first andsecond derivatives, and together with its first 
derivative, must piecewise continuous. The continuity the 
assumed lackof shear action. The discontinuities dw/ds and d2w/ds2 are 
not arbitrary but related the existing state stress through the flow rule 
will seen from the following discussion. 


FIG, PROFILES (ml, nl) PLANE 


The boundary conditions which must satisfied the field quantities are 


Eq. follows from equilibrium. Further conditions that must satisfied 
the built-in edge the shell will mentioned later. 

The the constructionof the present complete solution may 
derived from study the special case this case the cone degen- 
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erates into circular annulus and the following complete solution easily ob- 
tained (13): 


plate respectively. Eq. undetermined positive constant. 

seen from and that the states stress defined Eq. fall 
the previously discussed portion the four-dimensional yield surface. 

fact, the mapping the stress states Eq. onto the plane 
results the straight line Fig. which and correspond states 

Now natural expect that for shallow cones such the one shown 
Fig. the stress points will mostly lie the same portion the yield sur- 
face. may remarked that the stress points corresponding and 
are already boundary the domain interest that they may 
fall out this domain for non-zero However, will seenthat this does 

Thus, the states stress and rates strain considered here satisfy 
Eqs. and the associated flow rule 


No 


From the first two Eqs. and from and find that 


and 


already incorporated 14. 


the axial velocity the boss denoted wp, then the continuity 
requires that 


amount v]: 


or, using 15, 


s 
l-o 
l-s 


Similarly observe that dw/ds discontinuous the discontinuity 


view Eqs. and the existence these discontinuities indicates that both 
and are infinite the built-in edge the shell, the ratio these infinite 
quantities being equal the ratio discontinuities and dw/ds: 


Vo 


Under these circumstances, the built-in edge the shell said behave 
hinge circle. The subscript used indicate this fact. 

Now the question arises whether such hinge circle compatible with the 
stress points falling the portion the yield surface singled out this in- 
vestigation. Clearly for all states satisfying (Eq. without equal- 
ity signs) and thus these states cannot ahinge. How- 
ever the states stress 


which falls the boundary the portion interest andcorresponds 
the arc CBD (m', plane, obviously permits the strain-rates the 
type for which 


find from Eqs. and that 


Comparing Eqs. 18, and conclude that the state stress previously 
given (Eq. 18) proper one for describing the plastic hinge. Note that the 
first two equations Eq. constitute two additional boundary conditions for 
the stresses. 

Now consider the states stress for and observe from 
and the flow rule that 


Substituting Eq. for into the first equilibrium equation and using the 
boundary conditions Eqs. and 19, obtain, simple integration 


and 
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Note that the flow rule demands and hence Eq. then requires 


that would expected. Now using Eq. 24a and integrating the remain- 
ing equations equilibrium, with the boundary conditions and 19, 
complete the solution: 


a4) 


and 
*=9 N 1 g2 (1 2 3) 2 


Having thus obtained the solution, may now check whether the mapping 
the stress states given Eqs. and falls the domain bounded two 
parabolic arcs Fig. 

Such mappings are shown Fig. for shells with fixed 0.1, but 
varying cone angles seen that for 0.2 and 0.4 stress points 
fall within the desiredarea. easily established that for 0.418, the points 
corresponding the neighborhood leave the domain interest in- 
dicated The limiting value may found determining the tan- 
gents the parabolic the mapping curve the point corresponding 

found that for 


bo] co 
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the solution given Eqs. 14, 24, 26, and valid one. For D(a) the 
vanishingly small boss, the solution presented validonly for for the 
plate. should also noted that for values near unity Eq. does not 
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constitute the decisive criterion for the validity the previously described 
complete solution. The discussion the case will not given here. 


POST-YIELD BEHAVIOR CIRCULAR PLATES 


The complete solution described the preceding section will now used 
discuss the post-yield behavior simply supported rigid-plastic plates 
loaded through circular rigid boss the center. seen from Eq. that 
such plate begins deform plastically when the load reaches the critical 
seen from this equationthat the plate becomes the action 
the incipient plastic flow. This cone has infinitesimally small angle 
inclination The parameter retains its original value 
order deform the plate (which now shallow cone) further, the mag- 
nitude the load must brought tothe critical value given Eq. 27b. Since 
small and h/R, Eq. 27b can written the form 


first note that for structures that can called plates <<1. More- 


over, are interested relatively small boss sizes o<1. Under 
these limitations, seenfrom that Thus, the continuing 
plastic deformations the plate require increasing loads. 

The remarkable aspect the complete solution the preceding section 
that the incipient velocity field Eq. and Eq. maintains the conical shape. 
Hence, assume that small overhang the supports hinders the cone 
leaving the support (since <0, without overhang the cone should lose contact 
with the support) and that the influence the small overhang the present 
solution negligible, then can follow the continuing deformations the 
plate until the present solution breaks down equivalently the critical value 

For plates with have from Eq. 


which the terms and are neglected comparison with 
unity. 
Since tan bor which stands for the vertical motion the boss, 


(7). There was found that 


seenthat the two expressions are quite similar form, but Eq. over- 
extimates the load considerably. Finally may interesting compare Eq. 
with experimental results (12), where among other types tests, simply 
supported were loaded with central rigid punch, the ratio 
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the punch diameter plate diameter being 0.1. Since the plate material right 
under the not show appreciable plastic deformation, the punch may 
thought equivalent boss with 0.1. Fig. shows load-deformation 
curves for plates with diameter-thickness ratios 10, and 40. The heavy 
solid line indicates the present rigid-plastic soluticn. The dotted extension 
the parabola Eq. added for further may seen that 
elastic deformations the curve corresponding the present 
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1.0 1.2 


FIG, WITH EXPERIMENTS 


solution provides rather acceptable approximations actual load-deformation 
curves for D/h and 40. For the actual curves are substantially 
above the curve provided the present solution. 
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END-FIXITY EFFECT VIBRATION AND INSTABILITY 


David Burgreen! 


SYNOPSIS 


study made the effect arbitrary elastic end-fixity the insta- 
bility columns and the frequency vibration beams. The significance 
and influence negative end-fixity buckling and vibration examined. 
The analysis then extended vibrating columns. Some similarities and 
special features these eigenvalue problems are discussed and simple ex- 
pressions relating instability load and frequency vibration end-fixity are 


INTRODUCTION 


number analyses have been made the effect end-fixity the vi- 
bration beams, the effect end-fixity the instability columns, and the 
relationship between natural frequency vibration and buckling for columns 
with several specified end-fixities.2,3 This work extended here vibration 
beams and instability columns under the influence negative end-fixities 
and the vibration columns with elastic rotational restraint. 


Note.—Discussion open until May 1961. extend the closing date one month, 
written request must filed with the Executive Secretary, ASCE. This paper part 
the copyrighted Journal the Engineering Mechanics Division, Proceedings the 

American Society Civil Engineers, 86, No. December, 

Cons, Engr., Nuclear Development Corp. America, White Plains, 

“Les Relations entre les Modes Normaux Vibration Stabilité des 
Elastiques,” Massonnet, Universite Liege, Bulletin des Cours des Labora- 
tories d’Essais des Construction Civil d’Hydraulique Fluiviale, Vol, 

“Lateral Vibrations Related Structural Lurie, Journal Ap- 
plied Mechanics, Vol, 19, 
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known that for pin-ended vibrating column, exact linear relation- 
ship exists between the axial load the column and the square the natural 
frequency vibration. has also been shown that near- 
linear relationship exists between the end load and the frequency vibration 
whenthe are; pinned-pinned, clamped-clamped, pinned-clamped, 
free-clamped, pinned-guided, and clamped-guided. The question the validity 
the near-linear relationship for any arbitrary elastic rotational restraint, 
well the magnitude the error involved the linear approximation, 
examined here. 

Before treating this more complex eigenvalue problem, will examine 
some the simpler physical systems that are contained the vibrating col- 
umn system. first examine the instability weightless beam without 
end load. found that such beam does become unstable when the end re- 
straint attains certain negative values. End compressive loads arethen added, 
and the instability problem treated relation the end restraints. The 
axial loads are subsequently removed, and the vibration problem (now with 
distributed weight) investigated, again from the point view how chang- 
ing the end-fixities affects the vibration. Finally examine the behavior 
the vibrating column whose limit solutions are the solutions the previous 
problems. 

Notation.—The letter symbols adopted for use this paper are defined 
where they first appear, the illustrations the text, and are arranged 
alphabetically, for convenience reference, the Appendix. 


WEIGHTLESS BEAM 


The equation the vibrating column with the end load removed and the 
mass reduced zero 


which the axial distance measured from the center the member and 
the lateral displacement beam column. The boundary conditions for 
the element, shown Fig. and signifying arbitrary end-fixity, are 


= atx = 


which the length the beam column, and 


dx2 

= (at x: = re (2b) 


which and are the end fixities the left and right ends the member, 
respectively. 


When these boundary conditions are set into the mode form, derived from 
Eq. the characteristic equation 
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ARBITRARY ELASTIC END-FIXITY 


Elastic restraint 


P 
£lastic restraint 


FIG, 1.—CONFIGURATION VIBRATING COLUMN WITH ENDS 
HAVING ELASTIC ROTATIONAL RESTRAINT 


FIG, 2,—FRAME WITH TWO VERTICAL 
MEMBERS ROLLERS 


Roller 


FIG, 4.—FRAME WITH ONE VERTICAL 
MEMBER ROLLERS AND 
HORIZONTAL MEMBER 
PINNED WALL 


FIG, 3.—FRAME WITH TWO VERTICAL 
MEMBERS PINNED BASE 


WITH ONE VERTICAL 
MEMBER ROLLERS AND 
HORIZONTAL MEMBER 
CLAMPED WALL 
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obtained. Eq. represents set conjugate hyperbolas the nondimen- 
sional variables and and will seen the characteristic equa- 
tion that common the fields generated the frequency characteristic 
equations and the instability characteristic equations. Since Eq. gives the 
combinations end-fixity that produce solutions arbitrary amplitude, 
dicates that these combinations end-fixity will result buckling the beam. 
apparent from Eq. that least one the end-fixities that cause insta- 
bility will negative. The significance negative end-fixities and their 
ability produce instability has been discussed the author.4 When the fixi- 
ties both ends the beam are equal, found that buckling occurs the 
metrical mode -6. one end pinned, buckling will occur when 
the other end has end-fixity -3, and one end clamped, buckling takes 
place when the other end attains end-fixity -4. Eq. which gives the 
beam column, the circular fundamental frequency vibration 
pin-ended beam, the compressive axial end load, and the buckling 
load pin-ended column. 

Negative end-fixities capable producing instability are found present 
the horizontal members certain types vertically The 
four conditions for instability enumerated inthe preceding paragraphare shown 
Figs. All these frames have vertical members infinite 
bending rigidity. Note that when one end vertical leg displaced hori- 
zontally, the moment that acts the end the horizontal member tends 
increase the rotation that the displacement has produced. This require- 
ment for end-moment instability, although not sufficient requirement. 
beams not susceptible instability, the moment would act counter the ro- 
tation rather than direction increase it. This is, course, the case 
with all positive end-fixities. 

Consider first the frame Fig. which the configuration typical 
movable hoist whose vertical legs are rigid Aframes. buckles the man- 
ner shown when the negative end-fixity The moment the end 
the horizontal member and the curvature The ratio 
the frame will buckle. similar way, found that the frame 
shown Fig. which constrained buckle the antisymmetrical mode 
because the pins the base the frame (rather than rollers), will be- 
come unstable when The frame Fig. with the horizontal 
member pinned the wall and the vertical member rollers will buckle 
when and the frame Fig. with the horizontal member 


clamped the wall and the vertical member rollers will buckle 


END-FIXITY AND INSTABILITY 


compressive end load now added the element. balance forces 
the lateral direction yields the equation 


dx4 


Engrg. Mechanics Proceedings, ASCE, Vol. 84, No. October, 1958, 
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ARBITRARY ELASTIC END-FIXITY 


Using boundary conditions find the characteristic instability equation re- 
lating the end load and the end-fixities 


tan 
which 
(6b) 
e i 


the fixity the same either end the beam, the instability criteria 
for buckling the symmetrical and antisymmetrical modes are, respectively, 


has been pointed that the characteristic solution for buckling 
clamped-clamped beam the antisymmetrical mode often omitted re- 
sult starting with second order moment balance equation rather than 
fourth order lateral force balance equation. The antisymmetrical buckling 
load for clamped-clamped column includedin this solution and may ob- 

For constant value end compressive load, Eq. will generate hyper- 
bolas the variables Landy The limiting hyperbola this set ob- 
tained when the end load reduced zero yielding the characteristic curve 
for the weightless beam. Fig. shows the combination end-fixities and end 
load that will produce instability. When the fixity one end the column 
less than -4, buckling will take place regardless the magnitude the end 
compressive load. apparent, however, that end-fixities less than may 
not produce buckling the load the column tensile rather than compres- 
port were placed the center the columnto induce buckling the antisym- 
metrical mode Pg, found that linear relationship exists between 


end-fixities that will produce buckling. simply that the sum the end- 
fixities add zero. 


Note the Buckling Struts,” Lurie, Journal the Royal Aeronautical 
Soc., Vol. 55, March, 1951, 
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FIG, 7.—VARIATION FUNDAMENTAL FREQUENCY 
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ARBITRARY ELASTIC END-FIXITY 


The curves Fig. may approximated and put into explicit form, 
giving the buckling load terms the end-fixities. The expression 


gives the buckling load for any combination end-fixities the range 
pinned-pinned clamped-clamped with considerable accuracy. The largest 
deviation from the true buckling load about 2%, and for the cases pinned- 
pinned, pinned-clamped, and clamped-clamped, exact. approximate 
expression previously proposed,® also gives the buckling load explicity 
terms the end-fixities, but with lesser degree accuracy. For negative 


end-fixities and for combinations positive and negative end-fixity, the ex- 
pression 


should used. This expression also fairly accurate. exact for com- 
binations end-fixity that cause buckling without end load, and for combin- 
ations end-fixity that produce buckling when the end load the Euler load. 


END-FIXITY AND VIBRATION 


instead modifying Eq. the addition end compressive load, 
altered take into account the inertia force generated the mass the 
beam transverse motion, the well-known vibration equation 


obtained, which the mass density, that specific weight divided 
The solution this equation for the condition equal end-fixities has been 
discussed the author.4 For arbitrary fixity each end, the character- 
istic equation derived from Eq. 


which 
The characteristic roots, are expressedinterms ofthe constants Eq. 
and the natural circular frequency vibration, 


Simple Approximate Formula for the Effective End-Fixity Columns,” 
Newmark, Journal Aeronautical Sciences, Vol. 16, 1949. 
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For equal end-fixities found, the case column instability, that 
the characteristic frequency equation separable into equations that pertain 
the symmetrical and antisymmetrical modes vibration. Eq. then fac- 


tors into the symmetrical and antisymmetrical frequency equations given, re- 
spectively, 


and 


Eq. plotted Fig. Note the strong resemblance the buckling 
characteristic curves. The frequency characteristic curves are also hyper- 
bolas and degenerate into the weightless beam characteristic curve when 
w/We 

Fig. shows that with increasing w/we, the separation betweenthe constant 
frequency curves becomes larger, and, the limit, reaches 2.25,the 
curve simply point The characteristic curve the cor- 
responding antisymmetrical mode, with frequency 2.25, shown 
straight line. the only curve the set which linear combination 
end-fixities will result constant natural frequency vibration. Note that 
this line does not through the origin the antisymmetrical buckling linear 
characteristic curve does. The general similarity the pattern the curves 
Figs. and indication the kinship between buckling and vibration. 
The transition that the variation end-fixities produces frequency range 
w/we 9/4 resembles closely the transition that produced 

approximate formula relating frequency vibration end-fixity the 
range pinned-pinned clamped-clamped 


gives the fundamental frequency vibration explicitly, terms the end- 
fixities, with maximum error about 1%. When the ends are pinned-pinned, 
pinned-clamped, clamped-clamped, Eq. 15a gives the exact frequencies. 
Another expression this type, previously proposed, gives frequencies with 
maximum deviation about 4%from the true frequency. For the case 


negative end-fixities and combinations positive and negative end-fixities the 
expression 


Simple Approximation the Natural Frequencies Partly Restrained Bars,” 
Newmark and Veletsos, Journal Applied Mechanics, Vol, 19, 1952. 
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may used. fairly accurate and exact for combinations end-fixity 
that produce zero frequency vibration, and for combinations end-fixity 
that give rise fundamental frequency vibration equal that pin- 
ended rod. 

plotting the variation frequency vibration with end-fixity the 
manner shown Fig. difficult indicate clearly the variation the 
higher frequencies with end-fixity because the overlapping curves that would 
result. This difficulty may overcome plotting frequency along one ortho- 
gonal axis and the end-fixity one end the member along the other axis, 
and specifying constant related end-fixity for the other field 
parametric curves may obtained this manner showing the variation 
frequency for the fundamental well the higher modes, with any combi- 
nation end-fixities.8 Plots this type are quite comprehensive, but they 
lack the descriptiveness the curves shown Fig. 


END-FIXITY VIBRATING COLUMNS 


now consider the composite problem the effect end-fixity and end 
load vibration. The lateral force balance equation now becomes 


The displacement taken sin where wis the mode form and 
the harmonic circular frequency vibration. Eq. becomes 


From one obtains the mode 


which and are the column vibration characteristic roots. They are 
expressed terms the column instability characteristic roots and the fre- 
quency characteristic roots 


and 


“Bestimmung der Eigenschwingungszahlen von Durchlaufenden Tragern und Rah- 
men,” Mudrak, Zeitschrift Angewandte Mathematik und Mechanik, 28, 
1948, 


2 
dx2 


Boundary conditions are now set into Eq. yield the characteristic col- 
umn vibration equation 


When the fixity each end the column the same, Eq. may fac- 
tored into two discrete characteristic equations that apply column vibration 
the symmetrical mode and column vibration the antisymmetrical mode. 


They are, respectively 
(22 


tan tanh 
and 


Eq. plotted Fig. and Eq. Figs. and 10. These curves show 
the variation the square the frequency. 


with the end compressive load 


for fixed values the end-fixity. plotting the curves this manner, there 
are obtained what sets straight lines. The curve with the para- 
meters yL= Fig. actually straight line and may obtained 
from the well-known equation that relates the natural frequency vibration 
pin-ended column the column load. 


The other curves this set are not quite linear, but the deviation from line- 
arity does not become perceptible until quite large values end-fixity are 
reached. The curves Fig. for the condition one end fixed one end 
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ARBITRARY ELASTIC END-FIXITY 


= Nondimensional Column Load 


1.0 1.5 2.0 2.5 3.0 3.5 4.0 as 
(w/we)* = Square of Nondimensional Fundamental Frequency of Loaded Column 


8.—VARIATION FREQUENCY VIBRATION WITH COLUMN 
LOAD FOR THE CASE EQUAL END-FIXITIES 


P/Pe = Nondimensional Column Load 


1.6 2.0 2. J 
(w/we)' = Square of Nondimensional Fundamental Frequency of Loaded Column 


FIG. 9.—VARIATION FREQUENCY VIBRATION WITH COLUMN LOAD FOR 
THE CASE ONE END PINNED AND THE CASE ONE END CLAMPED 
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clamped, and the curves Fig. for mixed end-fixities also show im- 
perceptible deviation from linearity except when the end-fixity approaches the 
clamped-clamped condition. 

Even the largest deviation from linearity, which found the curve for 
clamped-clamped column, less than 2%. This indicates that straight line 
joining the points zero frequency and zero end load very close approxi- 
mation the true relationship between frequency vibration and end load. 


The expression 
Por 


which the buckling load column with specified end-fixity, will 
permit the computation the end compressive load, from measured value 
the fundamental frequency vibration, with error less than for 
any conditions elastic rotational restraint. 

Buckling loads are sometimes determined extrapolation zero fre- 
quency vibration. The foregoing indicates that linear extrapolation load 
should give very good results. has been that for small deflections, 
the frequency vibration will always zero the buckling load ap- 
proached. For the vibrating column problem, this result readily deduced 
from Eq. 16. When which proportional the square the frequency 
vibration set equal zero, the equation reduces the column equation 
whose characteristic solution the buckling load. also yields the 
buckling load for zero frequency, even though not exact equation. For 
large amplitudes vibration and axial restraint the end supports, this re- 
lationship does not hold. has been shown? that under these conditions the 
frequency vibration does not zero the buckling load approached, 
and that vibrations can obtained when the mean load the column during 
vibration greater than the buckling load. 

The general problem the interrelation between vibration and instability 
has been discussed One the problems treated the variation 
frequency with end load for clamped-clamped column. strain energy 
methods, area formed within which the curve Figs. 8and 
should lie. interesting approach but not necessary when straight 
line approximation entails error only 2%. The inherent error strain 
energy approximations the same order magnitude. Another paper 
this subject published also used strain energy approach for the 
purpose developing expression that relates the column load the fre- 
quency vibration. The results obtained are rather poor approximations 
the curves Figs. and 10, and are considerably inferior the linear ap- 
proximation, Eq. 24. The form the expression proposed such that the 


“Free Vibrations Pin-Ended Column with Constant Distance between Pin Ends,” 
Burgreen, Journal Applied Mechanics, 18, 
“Natural Vibration Frequencies Structural Members Indication End 


Fixity and Magnitude Stress,” B.C.Stephens, Journal the Aeronautical Sciences, 
Vol, 
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ARBITRARY ELASTIC END-FIXITY 


= Nondimensional Column Load 


1.5 2.0 2.5 3.0 
(@/we)? = Square of Nondimensional Fundamental Frequency of Loaded Column 


FIG, FREQUENCY VIBRATION WITH 
COLUMN LOAD FOR MIXED END-FIXITIES 


Pcr/Pe = Nondimensional Buckling Load of Column 


1.8 2.0 2.2 2.4 


(we/we) = Nondimensional Fundamental Frequency of Unloaded Column 


FIG, 11.—VARIATION BUCKLING LOAD WITH FREQUENCY 
VIBRATION UNLOADED COLUMN 
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frequency does not zero the buckling load reached. This discrep- 
ancy was pointed out!! later article. 


COLUMN LOAD CAPACITY FROM BEAM FREQUENCY 


Consider now the possibility determining the load carrying capacity 
column measuring the fundamental frequency vibration the unloaded 
column. Both these properties are dependent upon the end restraints. How- 
ever, the foregoing section was shown that approximate relationship 
exists between the load column and its frequency vibration, without 
taking into consideration the end restraints. 

Eq. shows that there are infinite number combinations end-fixity 
that will result buckling given load, and Eq. shows similarly that 
there are infinite number end-fixity combinations that are associated 
with given fundamental frequency vibration. There unique relation- 
ship between the frequency vibration the unloaded column and the buckling 
load, and sure, not possible eliminate both and from Eqs. 
and obtain relation between and The similarity form 
these equations does suggest, however, that approximate relationship 
may exist. approximate expression proposed was obtained 
plotting the fundamental beam frequency against buckling load for columns 
whose end-fixities were clamped-free, pinned-pinned, pinned-clamped, and 
clamped-clamped. curve fairedin through points thus gave graph- 
ically approximate relationship between beam frequency and buckling load 
without consideration end-fixity. 

The fact that such curve not exact was pointed out,10 and was dem- 
onstrated that sizable variation exists between the frequency vibration 
pinned-clamped beam and beam with equal end-fixities, both which have 
the same buckling load. selecting this example, perhaps fortuitously, 
show the impossibility single curve representing the variation between 
beam frequency and buckling load, the largest possible deviation frequency 
for given column load was obtained. The true relationship between the beam 
frequency and buckling load shown the curves Fig. 11. The curves are 
drawnffrom the axes intercepts Figs. The upper curve drawn 
for the case equal end-fixities and the lower curves for the cases of; one 
end pinned and the other end variable end-fixity; and one end clamped and 
the other end variable end-fixity. Single curves this type can only 
The curves shown Fig. represent the envelope all possible curves 
that show the variation beam frequency with buckling load. Corresponding 
values beam frequency and buckling therefore fall inside the shaded area 
regardless end-fixity. Note that the envelope narrows the vicinity the 
pinned-pinned and clamped-clamped conditions. the pinned-clamped 
point that the envelope widest and could show the largest spread either 
beam frequency buckling load with change fixity. The pro- 
posed originally smooth curve passing through points For use 
estimating the buckling load from frequency measurement, the 
conservative side, because always gives lower than actual buckling loads. 


“Effective End Restraint Columns Frequency Measurements,” Lurie, 
Journal the Aeronautical Sciences, August, 
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ARBITRARY ELASTIC END-FIXITY 
points and are joined straight line, found represent quite 


well the frequency-buckling relationship for columns with equal end-fixity. 
The linear expression 


For equal end-fixities, the maximum error about 2%. For other combina- 
tions end-fixity, the approximation not good. 


SUMMARY 


The study the characteristic equation weightless beam shows that 
instability can obtained result negative end-fixity alone. The prac- 
tical significance negative end-fixity demonstrated the examination 
the instability some type frames. 

The general effect end-fixity, including negative end-fixity, studied for 
the vibrating beam column. The similarities these two systems 
pointed out. Approximate expressions are derived which give explicitly the 
buckling load and fundamental frequency vibration interms the end-fixity. 

The question the degree accuracy the assumption,that the square 
the fundamental frequency vibration varies linearly with end compressive 
load, for all combinations end-fixity, resolved solving the character- 
istic equation vibrating column and plotting the results. The indication 
that the maximum error, entailed the assumption that the square the 
fundamental frequency varies linearly with the column load, about 2%. 

The problem estimating the buckling load column, with arbitrary 
end-fixities, measuring the fundamental frequency the column the un- 
loaded state, examined. Although there unique relationship between 
the buckling load column and the fundamental frequency the unloaded 
column, demonstrated that approximate correspondence between the 
buckling load and vibration frequency the unloaded column does exist. 
expression relating these two quantities has been suggested. 


APPENDIX NOTATION 


lateral displacement beam column 


axial distance measured from enter member 


length beam column 


i 


circular frequency vibration beam column 
circular fundamental frequency vibration pin-ended beam 
circular fundamental frequency vibration beam with specified 


end-fixity 
compressive axial end load 


buckling load pin-ended column 


modulus elasticity 


Por buckling load column with specified end-fixity 


cross section rectangular moment inertia 


mass density specific weight divided 


cross-section area 


time 
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PHYSICAL METALLURGY AND MECHANICAL PROPERTIES 
MATERIALS: BRITTLE FRACTURE 


Averbach! 


FOREWORD 


The Engineering Mechanics Divisions Committee Mechanical Properties 
Materials conceived the Symposium Physical Metallurgy and Mechan- 
ical Properties Materials means summarizing, for the civil engi- 
neering profession, the current state knowledge and some the most 
recent developments the understanding materials behavior. The subjects 
ductility, creep, brittle fracture, and fatigue have become increasing 
concern engineering applications, the point where phenomenological 
descriptions these aspects materials behavior are becoming less than 
adequate for our needs. 

The science materials, stemming from physical chemistry, solid state 
physics, physical metallurgy, and mechanics solids, gives qualitative 
descriptions the fundamental processes involved the flow and fracture 
solids. These fundamental concepts were presented distinguished authorities 
the 1956 Symposium Physics Engineering Materials organized 
Waling and heldat Pittsburgh, Pa. Frederick Seitz discussed imperfections 
crystals, Thornton Reed, Jr., discussed dislocations, Clarence Zener dis- 
cussed internal friction metals, Blizzard and Weinberg dis- 
cussed materials for radiation shielding, and Dienes discussed the ef- 
fects radiation materials properties. The implications these subjects 
civil engineering practice were summarized Glenn Murphy. Much the 


open until May 1961, Separate discussions should submitted 
for the individual papers this extend the closing date one month, 
written request must filed with the Executive Secretary, ASCE. This paper part 
the copyrighted Journal the Engineering Mechanics Division, Proceedings the 
American Society Civil Engineers, Vol. 86, No. December, 1960, 


prof, Physical Metallurgy, Dept. Metallurgy, Massachusetts Tech., 
Cambridge, Mass, 
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material presented has been published the literature their own fields 
and may found their published works. The applications such funda- 
mental concepts have brought about entirely new materials well im- 
provement traditional materials and indeed have created entirely new 
industries. 

Theoretical relationships the quantitative kind desired for engineering 
design purposes are, many cases, still the state development. The 
development such fundamental theory exemplified the study 
brittle fracture Averbach (“Brittle Fracture,” Proceedings Paper, 
2686) and the relaxation theory creep metals Ree, Ree, and 
Eyring (“Relaxation Theory Creep Metals,” Proceedings Paper 2333, 
Journal the Engineering Mechanics Division, January, 1960, 41) and the 
importance these concepts engineering practice indicated the dis- 
cussions ductility Frankland (“Ductility and the Strength Me- 
tallic Structures,” Proc. Paper 2687), fatigue structural materials 
Grover (“Fatigue Structural Materials,” Proc. Paper 2688) and 
the review applications civil engineering Glenn Murphy (“Metallurgical 
Advances and Civil Engineering,” Proc. Paper 2689) are considered the 
committee invaluable the profession civil engineering. 

the present “Age Materials,” the problems providing the materials 
suitable for the anticipated service conditions many engineering applications 
require that all engineers familiar with the latest and best information 
pertaining materials behavior. The practicing engineer must cognizant 
the rapidly growing field materials science, which significant that, 
some cases, causing large scale revisions engineering college 
curricula. 

The Committee Mechanical Properties Materials, through the 1956 
Symposium Physics Engineering Materials, the 1958 Symposium 
Physical Metallurgy and Mechanical Properties Materials, the 1959 Sym- 
posium the Physico-Chemical Nature Soils, the 1960 Symposium 
Nondestructive Testing Materials, and the Symposium Teaching 
Materials Civil Engineering Curricula being planned for 1961, have at- 
tempted incorporate within the literature the American Society Civil 
Engineers significant amount the new knowledge the field materials 
behavior. Many the participants these symposia have been from pro- 
fessions other than civil engineering. sincere expression appreciation 
hereby tendered all who have contributed this effort. 


Joseph Throop, Chairman, E.M.D. 
Committee Mechanical Properties 
Materials, ASCE 


SYNOPSIS 


Recent experimental work cleavage iron andsteel has 
shown that these failures originate with cleavage microcracks. Microcracks 
with lengths one grain diameter and longer have been observed tensile 
specimens that have been unloaded just below the fracture stress. has also 
been shown that local plastic flow the order the yield strain occurs prior 
the formation these microcracks even though the subsequent failure involves 
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FRACTURE 


very little overall deformation. Some the current dislocation theories pre- 


dict the formation microcracks this type, and the correlation between 
theory and experiment encouraging. 


INTRODUCTION 


brittle fracture may defined one which absorbs relatively small 
amount energy propagation. Failure the cleavage large fraction 
the individual grains along (100) planes aform brittle fracture that occurs 
the common structural steels, and this problem must taken into account 
the design large continuous structures. Brittle cracks propagate through 
withabout one-third the velocity sound and with very little plastic 
deformation macroscopic scale. The fracture surfaces have distinct 
chevron pattern, pointing back the source the failure, which almost al- 
ways astress concentration asharp notch introduced during con- 
struction,a sharp corner inherentin the design, crack produced metal- 
lurgical damage inconstruction service. Brittle cracks stop when the resid- 
ual strain longer sufficient for propagation when particularly 
tough plate structural feature encountered. has been shown many 
cases that localized yielding associated with the start crack, and 
there evidence plastic deformation the crack interfaces. The structure 
whole does not have yield prior failure, and the danger catastrophic 
failure increases the size increases and the service tem- 
perature lowered. 

Several procedures have been used minimize the danger brittle fracture. 
Sharp corners and other notches the design are eliminated. outstanding 
example this approach occurred World War cargo ships which the 
incidence brittle failure was greatly reduced redesigning troublesome 
hatch corner. Another approach involves the careful inspection during con- 
struction inorder the introduction flaws. This procedure has been 
particularly effective pipelines. These measures have not eliminated the 
problem, however, and recognized that the last safety factor must built 
into the steel. Considerable progress has been made the understanding 
what can done toimprove steels this respect, but the mechanism frac- 
ture anatomic scale not the present day precautions 
may only temporary measures the way better solution. 

Descriptions service failures ships, (1), (2), tanks, and other struc- 
tures (4) and large generator rotors (5) are available and will not discussed 
here. General design criteria have also been summarized recently (6). The 
engineering tests that have been used investigate brittle fracture steels 
have summarized, (3), (7) but afew these are discussed the next 
order indicate the approaches that have evolved the specification 
steels resist brittle failure. Recent experimental work (as the 
mechanisms cleavage failure andsome ofthe current theories brittle frac- 
ture, are presented the final section. 

should noted that brittle failures not necessarily have occur 
cleavage. For example, steels and other alloys that have been heat treated 


Numerals parenthesis—thus; (1)—refer corresponding items the Appendix 
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very high yield strengths are capable only very limited plastic flow. High 
applied and residual stresses may combine produce the proper conditions 
for the nucleation microcracks which can propagate with very low energy 
absorption because the low ductility. cleavage mechanism may not in- 
volved inthese failures, but little about the mechanisms frac- 
tures, and this type high speed tearing phenomenon will not discussed. 
Materials this type are finding increased use thin skill construction, and 
evident that concerted research effort this area required. 


ENGINEERING TESTS AND SPECIFICATIONS 


The appearance the fracture surfaces service cases brittle failure 
has been well documented (3), (7). chevron pattern that points back the 
origin failure frequently observed failures occurring mild steel, but 
this not acharacteristic brittle steel failures has also been 
observed glass and plastics. The chevron pattern appears associated 
with acrack that proceeds discontinuous fashion, with sequence initia- 
tions ahead the main crack front followed breakdown the intervening 
material form union with the principal crack. The crack front also not 
straight, with the main fracture front extending the center well advance 
the surface trace the crack. mild steel itappears that cleavage micro- 
cracks ahead the maincrack and this repeated initiation 
microcracks that provides the discontinuous feature the traveling crack. The 
problems initiation and propagation cleavage cracks thus tend merge 
since conditions for the initiation cleavage microcrack may very close 
those required for the discontinuous propagation gross crack. 

One the engineering approaches this problem has been concerned with 
the search for tests that produce brittle failure and the correlation the test 
data with service behavior. Some these tests appear emphasize the initi- 
ation cleavage cracks, others the stopping propagating brittle crack, but 
almost all the tests involve the introduction notch and the observation 
the onset brittle behavior the test temperature lowered. Many tests 
also try reproduce the traveling this feature 
may quite important correlations with service behavior because the yield 
point steel very much dependent the strain rate. Each these tests 
emphasizes different features the brittle-fracture phenomenon, and not 
surprising that they frequently differ their evaluation ofthe ability ma- 
terial resist brittle failure. 

The tests almostalways define atransition temperature, below which brittle 
fracture occurs under the test conditions and these critical temperatures are 
used (1) direct comparison with the temperature for service failure the 
same material and; (2) evaluate the effectiveness various metallurgical 
variables lowering the transition temperature. now generally agreed 
that decrease transition temperature any the tests probably reflects 
improvement the material even though not all the tests may indicate 
equal improvement. 

The engineering tests have been summarized recently (3), (6), (7), 
V-notch Charpy impact special mention because its widespread 
use. typical set impact data are shown Fig.1 for specimens taken from 
3/4 in. thick plate rimmed steel. The energy absorption changes 
ably over rather small temperature interval and the fracture appearance 
changes correspondingly from the fibrous appearance associated with the high 
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energy region the specular appearance resulting from the cleavage many 
grains along (100) crystallographic planes. The temperature which ft-lbs 
absorbed frequently defined ductility transition temperature 
associated with the temperature region inwhich cleavage cracks initiate the 
brittle fracture. 

The ft-lbtransition temperature based onan investigation the plates 
World War cargo ships that exhibited brittle fracture. was shown that 
all the plates wherein brittle fractures started absorbed less than ft-lbs 
the failure temperature (1), (2), whereas the end plates consistently absorbec 
more energy. should emphasized that this correlation refers the semi- 
killedand rimmed steels involved that particular and sub- 
sequent data have indicated that the energy level for the ductility transition 
have raised about ft-lb for killed steels and some alloy grades. 

Another approach the V-notch Charpy test defines fracture 
temperature terms the fracture appearance. The temperature for 50‘ 
fibrous appearance corresponds condition brittle fracture may 
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FIG, AND V-NOTCH CHARPY IMPACT TRANSITION LARGE 
GRAIN (ASTM NO, PROJECT STEEL Mn, 0,002 


initiated ductile crack. This situation might occur ina structure which 
already contained crack which was extended because high local stresses 
the tip. long the crack proceeds shear large amount local de- 
formation would required (in mild considerable energy would needed 
and the crack would move slowly. When the crack reaches critical size, de- 
pending the temperature, the stress field front the crack could become 
large initiate cleavage microcracks that could join the original shear 
crack cleaving and tearing the intermediate material. Conversely, given 
temperature, the material were above the fracture transition temperature 
and were presented witha running brittle crack, the crack because 
the high energy required shear large portion the material. ap- 
parent that the fracture transition higher than the ductility transition Tg. 

The anticipated service conditions are quite important considering which 
transition temperature toconsider. For example, the case submarine hull 
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might expected that severe local shear crack. 
would important prevent this shear crack from turning into rapidly 
propagating cleavage crack, and the fracture transition would thus prime 
importance. Similarly, large generator rotor might contain internal flaws 
that because the massive size the forging. One these 
cracks could reachthe criticalsize during service overspeed tests and even- 
tually propagate brittle crack. the other hand, storage vessel might 
constructed under conditions whichthere was sufficient inspection toavoid 
the introduction major flaws. lowambient temperatures, however, would 
necessary initiation acleavage crack the vicinity ofa stress 
concentration, and the ductility transitiontemperature could used basis 
for choosing the material. 

Both philosophies are used merchant ship building. The specifications 
Lloyds Register Shipping (8) now includea class plate that requires ft-lb 
anda 30% fibrous 0°C. This specification was chosen onthe basis 
service data for plates which successfully stopped running brittle cracks, 
and these plates are specified for key regions the ship. American practice 
specifies the composition and steel making practice all the material 
the shipaccording tothe thickness the plate. The V-notch Charpy character- 
istics currentship plate have been monitored, and has been shown that the 
ductility transition temperatures the present day material are considerably 
lower than those the World War plates. The composition and practice are 
designed produce material witha transitionin the heavier plates 
that are the regions higher stress. There has been continu- 
ing effort improve the quality ship plate, and the work carried out under 
the sponsorship the Committee Ship Steel has been reviewed recently (9). 

The engineering tests are valuable for correlation with service behavior, 
and they have formed the basis the investigative procedures used select 
improved steels. Each type service requires new correlation, however, 
and the multitude correlations using tests various kinds for variety 
steels used under variegated service conditions has made desirable pur- 
sue this problem fundamental basis. The principal objective the basic 
research understanding the atomic mechanisms that the 
resultant concepts can applied broad spectrum materials and prob- 


lems. Several recent theoretical and experimental approaches will discus- 
sed. 


METALLURGICAL FACTORS BRITTLE BEHAVIOR 


Many the steelmaking variables have been evaluated for the weldable mild 
that the transition temperature lowered the carbon content loweredand 
the manganese content increased structural steels, (3) and several low 
carbon-high manganese steels have because their improved 
resistance brittle failure. significant note that alloy additions other 
than manganese either raise have effecton the transitiontemperatures 
these steels Aluminum-treated steels made fine-grain practice are superior 
rimming semi-killed grades, and the improvement may further enhanced 
normalizing. Investigations have shown that the transition temperature 
raised the ferrite grain size increased, and there evidence indicate 
that the transition temperature for steel cooled slowly from the annealing 
temperature higher than for steel that has been rapidly cooled (10). 
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There limit, however, the improvement that may attained fer- 
ritic steels these the basic mechanisms which these improve- 
ments are attained are not well understood. Furthermore, these empirical 
concepts not extrapolate readily higher alloy steels other types 
microstructure such bainite martensite. Experience with the coarse 
bainitic microstructures which have beenused some large generator rotors 
has indicated that they are susceptible brittle cleavage failure despite the 
high alloy content the steel. the other hand, fine bainitic martensitic 
microstructures the same composition may have rather low transition tem- 
peratures, and probable that the improvement may associated with the 
small size the ferrite regions the latter microstructures. The metallur- 
gical factors play behavior the high strength steels have not 
been investigated the same detailas the weldable ferritic itseems 
these data will now requiredin increasing quantity for the new 
structural applications. One the characteristic features brittle cleavage 
failure that itdoes not occur metals cubic crystal struc- 
tures. Thus, the austenitic stainless steels not exhibit brittle failure, and 


this material frequently used for structures that must operate tempera- 
tures below -80°C. 


ATOMIC MECHANISMS CLEAVAGE FRACTURE 


Dislocation concepts are used most the current theories brittle 
fracture. These theories have been reviewed recently (11), 
principal features these theories will discussed together with some re- 
cent pertinent experimental work. Most the fundamental experimental work 
uses unnotched bend tensile specimens order simplify the stress pat- 
the details fracture are studies low temperatures. Fig. shows 
that the tensile transition temperatures lower than the Charpy 
V-notch impact transitions, but that the principal features ductility 
anda change the fracture appearance are commonto bothtests. The influence 
notch and impact loading the transition temperature are quite evident. 

The relationship the fracture parameters tensile prop- 
erties shown Fig. Several modes fracture are observed temper- 
atures below 20°C. temperatures down about 0°C, the fracture entirely 
ductile with considerable necking prior fracture. Between and -120°C, 
ductile crack starts the center the specimen and propagates fraction 
the diameter with the remainder the fracture occurring cleavage. The 
size the ductile crack initiate the cleavage failure becomes smal- 
ler the temperature lowered (Fig. 3), but the overall ductility still quite 
high because necking required the ductile crack. This temperature 
range corresponds the fracture transition. temperatures below -120°C 
the mode fracture changes. The first observable crack isa cleavage micro- 
crack the order one grain diameter size, and the final failure has the 
gross appearance 100% cleavage. important note that mechanism 
initiation changes completely inthis region, and -120°C corresponds pre- 
vious definition ductility transition. 

should noted Fig. that the lower yield stress reached prior 
fractures that are classed entirely brittle. addition, well defined elas- 
tic limit, corresponding anobservable plastic strain 10-6, observed 
all cases prior the discontinuous yield. reduction area observed 
temperatures down about -170°C even though the fracture appearance 
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FRACTURE 


entirely cleavage, and examination the crack surfaces microcracks 
shows that considerable local plastic deformation associated with the ends 
microcracks and with the crack interfaces. typical microcrack shown 
Fig. showing the surface cylindrical specimen which was electro- 
polished prior testing and unloaded prior fracture after stressing the 
yield point. The cleavage microcrack and the attendant distortion are quite 

evident. 

The relationship between cleavage microcracks and discontinuous yielding 
bands were passed along thin flat prepolished specimens this same steel 
liquid nitrogen temperature. The Liders bands were passed only part way 
along the specimen, and the specimen was unloaded and examined for micro- 
cracks. The microcracks were very similar appearance that shown 
Fig. and the location the cracks shown schematically Fig. The 
experiment was repeated recently with additional variation: the specimen 


Microcracks Absent 


Discontinuous Discontinuous 
Yield, 2-7% 


Microcracks Observed Only Regions 
Discontinuous Yield 


FIG, 5.—LOCATION MICROCRACKS 
FLAT TENSILE SPECIMEN 


was heated toroom temperature after unloading and given tensile 
elongation order reveal microcracks that might have closed partially 
unloading. The results were the same both cases. Microcracks were ob- 
served only the region that had yielded discontinuously. They were not ob- 
served the region between the band, even though this region had suf- 
fered plastic strain 50-100 10-6. thus evident that the cleavage 
microcracks requirea local the order the discontinuous yield 
prior initiation, but the overallextension the specimen may very small 

the not travel far before the specimen fractures. Cleavage 

fracture thus closely associated with yielding, and the same factors that in- 

fluence the yield point would expected influence the cleavage fracture stress. 
This has been generally observed. 


Several general experimentalfeatures must considered theoretical 
treatments brittle cleavage failure. 


Cleavage failure occurs cubic and some hexagonal crys- 
talstructures but not inface-centered cubic materials. The tendencyfor cleav- 


age failure greatly influenced the presence interstitial elements such 
carbon and nitrogen. 
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Plastic flow precedes the cleavage crack, and the surface the inter- 
face exhibit considerable local deformation. 

Thetendency toward accentuated low temperatures. 
The yield strength ironand steel rises sharply withdecreasing temperature 
below 20°C and the brittle behavior undoubtedly associated with this rise 
yield strength. Face centered cubic metals show only smallrise yield with 
decreasing temperature and are not subject cleavage failure. 

Cleavage failure favored high strain rates. Recent (1949) 
has indicated that the discontinuous yield steel does not occur instantaneously 
application the load, but there delay time which depends strongly 
the temperature, about 10-4 seconds room temperature about 
103 seconds liquid nitrogen. rate can thus raise the yield stress 
the same way decrease temperature. 


One the early theoretical approaches the problem brittle failure was 
made Griffiths who considered the stress required propagate sharp 
crack inan elastic medium. For )-dimensional crack length the ten- 
sile stress required propagate the crack given by: 


1/2 


face energy (ergs per square centimeter) the new crack surface. Cracks 
the order 10-4 are required account for the observed brittle fracture 
strength steel. The data shown Fig. alsoindicate that one the prima- 
assumptions associated with Eq. not fulfilled. evident that plastic 
flow occurs prior cleavage failure, and the elastic stress concentration fac- 
tor used deriving the equation longer valid. 

Orowan modified the Griffiths’ equation recognizing that considerable 
plastic work associated withthe passage acleavage crackin ferritic steel. 
This consideration leads the equation 


which now the effective surface energy, including the plastic work. This 
effective surface energy has about 106 ergs per This 
concept leads the presence cleavage microcracks ofthe order the grain 
size, The presence such microcracks prior fracture has been demon- 
strated Low, (16) Owen, (14). typical example seen Fig. 
The principal difficulty inaccounting for the temperature dependence, and 
must assumed that the term pvaries strongly with temperature. addition, 
there little indication this picture for the need for plastic flow prior 
cleavage. would appear that this approach accounts for some the macro- 
scopic features the phenomenon and represents only part the picture. 
Stroh (11) introduced the concept ofa dislocation pile-up slip band 
supplying the conditions for the initiation cleavage crack. Zener (17) 
had considered earlier that blocked ship line would resemble freely slip- 
ping crack under shear stress, and Stroh considered the dislocation pile-up 
producing stress concentration equivalent that Griffith’s crack. 
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Such dislocation pile-up along slip line against grain boundary barrier 
(Fig. could produce crack along cleavage plane. The condition for the 
formation two-dimensional crack can derived simply considering 
that all the strain energy associated with the dislocations relieved the 
formation the crack. This gives, directly, 


which the applied shear stress, the number dislocations the pile- 
up, the Burgers vector the dislocation, and the specific surface energy 
the crack. This equation similar Stroh’s with the exception the nu- 
merical factor which the more exact computation. 

The influence grain size may the following way: the dislocation 
pile-up considered occur over region d/4, and the local shear strain 


Grain Boundary Barrier 


Dislocations 
Crack 


FIG. PILE-UP RELIEVED 
CRACK (AFTER STROH) 


thus given b/d. The shear strain given approximately 
which the shear modulus. Introducing these into Eq. yields 


(4a) 


which the fracture stress and (32 (Stroh’s more exact 
computation gives G/(1 1/2), order correlate with the ob- 
served dependence the fracture stress the grain size frictional stress, 
introduced give the final equation 


This concept has several difficulties. The cleavage crack pictured 
being produced shear stress alone, but evident from other the 
presence normal tensile stresses very effective raising the cleavage 
transition. order for the dislocation pile-up act Griffiths crack 
necessary that the surrounding grains not flow. This implies that all the 
dislocation generators near the pile-up must pinned interstitial atoms 
that slip prevented and cleavage occurs. The dislocation pinning mechanism 
strongly temperature dependent and this would probably provide the proper 
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temperature dependence except that difficult see why slip instead 
cleavage does not occur the surrounding grains. fact, expression 
the form Eq. 4describes the influence grainsize yieldstress, with 
greater accuracy than does the fracture stress. 

Fig. shows that the yield andfracture stresses the 100% cleavage region 
have very similar values. Finite cleavage microcracks the order grain 
diameter are formed the yield stress and the frequency with which these 
cracks occur plotted Fig. Thus, the observed fracture stress for 
material containing numerous microcracks, and would appear doubt- 
ful fundamental significance. addition, the band experiments Owen, 
(14) show that the microcracks occur only the region discontinuous 
deformation which the plastic flow very heterogeneous and much more 
complex than the simple pile-up shown Fig. 

Cottrell (12) has recently (1958) reconsidered the problems associated 
with dislocation pile-ups. proposes that dislocations travelling inter- 
secting (110) slip bands could produce dislocation pile-up the form 
giant dislocation with Burgers vector nb. This could act atomic knife 
along (100) cleavage planes body-centered cubic material. Such pile-up 
shown Fig. and energy considerations similar that used Eq. yield 


should noted that the normalfracture stress, of, enters here instead the 
shear stress. The effective surface energy term, includes the irreversible 
plastic work required form the cleavage crack. 

The grain size dependence obtained follows: assumed that the 
fracture stress approximately equal the yield stress, and that the 
yield stress has grain size dependence the form, 


-1/2 
oy = Kyd * 


which the frictional component the yield stress. The shear stress 
mately by, 


which the applied shear stress and the frictional component the 
shear stress. Introducing these relationships into Eq. yields 


The factor approximately unity inthe tension test. comparison with ex- 
periment gives value 18,000 ergs per cm2 for This about times 
the value the surface free energy, 

Eq. applied interesting way. the left-hand side smaller than 
the right-hand side there insufficient energy propagate cleavage crack 
beyond certain length. this case, cleavage microcrack may form but 
will not grow. When the left-hand larger than the right, the yield stress 
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high enough make the cleavage crack grow complete failure. transi- 
tion point thus defined, and Cottrell has assumed that this the ductility 
transition, Tg. The largest stable microcrack may computed from the Cot- 
trell equations, and this turns out be: 


which The varies with grain size, but typical value for 
Fig. shows example such microcrack. 

Fig. shows, however, that the transition temperature described Eqs. 
and may refer temperature somewhat lower than the ductility transition 
temperature Ty. The temperature regions wherein different fracture mechan- 
isms operate are shown the figure. region above the fracture transi- 
tion the fracture entirely shear. region between and the 


Crack 
Dislocations 


FIG. CRACK FORMED COALESCENCE 
DISLOCATIONS INTERSECTING SLIP 
PLANES, (AFTER COTTRELL) 


fracture started shear crack and completed cleavage. this re- 
gion, the size the shear crack required initiate acleavage failure decreases 
the temperature decreases (Fig. 3). 

region which between and Tm, propose that the failure in- 
itiated cleavage microcracks, and that these microcracks join form 
the final fracture. The microcrack curve shows the number stable micro- 
cracks prior fracture this region, and evident that asharp maximum 
reached which shall cali the microcrack transition temperature. 
corresponds also the sharp valley the fracture stress which the 
yield stress and the fracture stress are about equivalent. region 
the yield stress rises the test temperature decreases, whereas the fracture 
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stress falls. The falling fracture stress apparently associated with the in- 
creasing number stable microcracks which are formed the yield stress, 
and the fracture would appear occur the linking these microcracks. 
Although the fracture appearance 100% cleavage gross scale, micro- 
scopic observations have shown that there considerable local plastic flow 
associated with the linking the microcracks. 

Region defined the limits and Ty. Below another mechanism 
brittle failure observed. The microstrain elastic limit not observed, 
and the first indication deformation mechanical twinning which leads im- 
mediately cleavage failure. Large local deformations are associated with 
these twins, and the details the fracture mechanism have not been observed. 
significant note, however, that stable microcracks have not been found 
below the microcrack transition, appears, therefore, that the transition 
computed Cottrell applies T,, and not because the two conditions 
required the computation are satisfied: (1) and (2) stable micro- 
cracks are observed above T,, and are not observed below. These conditions 
are only met region and are not satisfied region addition, 
unlikely that the fracture stress region has the assumed grain size de- 
pendence. The Cottrelltheory appears tofit the microcrack 
ature quite well, and Eqs. and provide aconvenient way summarizing 
the influence steel variable the brittle-fracture problem. 

The over-all picture still probably incomplete. The role mechanical 
twinning region not understood and the mechanism failure may 
further complicated materials with more complex microstructures. The 
energy factor also troublesome since now obtained from empirical 
correlations with the data, and the grain size and temperature dependence 
this factor have not been explored. The cleavage facets also show peculiar 
“river” patterns that have showing the location intersect- 
ing dislocations. addition the the localized plastic deformation 
linking the cleavage facets not well understood. Nevertheless, the dislo- 
cation picture brittle failure has been very helpful providing theoretical 
framework for the mechanisms play and expected that these concepts 
will continue develop with more theoretical and experimental work. 


Figs. through are taken from the unpublished doctoral thesis work 
George Hahn, and the experiment involving the search for microcracks 
flat tensile bars taken from the unpublished thesis work William Flan- 
agan. The author very grateful for the opportunity use these data. The 
author would also like acknowledge many fruitful discussions with Morris 
Cohen and Walter Owen. deKazinczy onthe size micro- 
cracks involved the Cottrell theory also gratefully acknowledged. 

The new experimental work described here sponsored the Committee 


Ship Steel the National Academy Sciences and their assistance grate- 
fully acknowledged. 
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PHYSICAL METALLURGY AND MECHANICAL PROPERTIES 
MATERIALS: DUCTILITY AND THE STRENGTH 
METALLIC STRUCTURES 


By. Frankland! 


The Engineering Mechanics Divisions Committee Mechanical Properties 
Materials conceived the Symposium Physical Metallurgy and Mechan- 
ical Properties Materials means summarizing, for the civil engi- 
neering profession, the current state knowledge and some the most 
recent developments the understanding materials subjects 
ductility, creep, brittle fracture, and fatigue have become increasing 
concern engineering applications, the point where phenomenological 
descriptions these aspects materials behavior are becoming less than 
adequate for our needs. 

The science materials, stemming from physical chemistry, solid state 
physics, physical metallurgy, and mechanics solids, gives qualitative 
descriptions the fundamental processes involved the flow and fracture 
solids. These fundamental concepts were presented distinguished authorities 
the 1956 Symposium Physics Engineering Materials organized 
Waling and heldat Pittsburgh, Pa. Frederick Seitz discussed imperfections 
crystals, Thornton Reed, Jr., discussed dislocations, Clarence Zener dis- 
cussed internal friction metals, Blizzard and Weinberg dis- 
cussed materials for radiation shielding, and Dienes discussed the ef- 
fects radiation materials properties. The implications these subjects 
civil engineering practice were summarized Glenn Murphy. Much the 
material presented has been published the literature their own fields 


open until May 1961. Separate discussions should submitted 
for the individual papers this symposium, extend the closing date one month, 
written request must filed with the Executive Secretary, ASCE. This paper part 
the copyrighted Journal the Engineering Mechanics Division, Proceedings the 
American Society Civil Engineers, Vol. 86, No. December, 1960. 
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and may found their published works. The applications such funda- 
mental concepts have brought about entirely new materials well im- 
provement traditional materials and indeed have created entirely new 
industries. 

Theoretical relationships the quantitative kind desired for engineering 
design purposes are, many cases, still the state development. The 
development such fundamental theory exemplified the study 
brittle fracture Averbach (“Brittle Fracture,” Proceedings Paper, 
2686) and the relaxation theory creep metals Ree, Ree, and 
Eyring (“Relaxation Theory Creep Metals,” Proceedings Paper 2333, 
Journal the Engineering Mechanics Division, January, 1960, 41) and the 
importance these concepts engineering practice indicated the dis- 
cussions ductility Frankland (“Ductility and the Strength Me- 
tallic Structures,” Proc. Paper 2687), fatigue structural materials 
Grover (“Fatigue Structural Materials,” Proc. Paper 2688) and 
the review applications civil engineering Glenn Murphy (“Metallurgical 
Advances and Civil Engineering,” Proc. Paper 2689) are considered the 
committee invaluable the profession civil engineering. 

the present “Age Materials,” the problems providing the materials 
suitable for the anticipated service conditions many engineering applications 
require that all engineers familiar with the latest and best information 
pertaining materials behavior. The practicing engineer must cognizant 
the rapidly growing field materials science, which significant that, 
some cases, causing large scale revisions engineering college 
curricula. 

The Committee Mechanical Properties Materials, through the 1956 
Symposium Physics Engineering Materials, the 1958 Symposium 
Physical Metallurgy and Mechanical Properties Materials, the 1959 Sym- 
posium the Physico-Chemical Nature Soils, the 1960 Symposium 
Nondestructive Testing Materials, and the Symposium Teaching 
Materials Civil Engineering Curricula being planned for 1961, have at- 
tempted incorporate within the literature the American Society Civil 
Engineers significant amount the new knowledge the field materials 
behavior. Many the participants these symposia have been from pro- 
fessions other than civil engineering. sincere expression appreciation 
hereby tendered all who have contributed this effort. 


Joseph Throop, Chairman, E.M.D. 
Committee Mechanical Properties 
Materials, ASCE 


SYNOPSIS 


The need designer consider ductility animportant factor his 
design and not merely assume being implicit his design emphasized 
this paper. illustrate this need the history design prior tothe discov- 
ery mild steels mentioned together with the early arguments elastic 
versus plastic design. 

The meaning ductility and the factors that may affect its testing are en- 
umerated. Four structuralaction some ductility the mater- 
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DUCTILITY 


ial needed carry the load are presented. Careful adherance these fac- 


tors needed order that substantial reserve ductility maintained 
the design steel structures. 


Ductility abasic materials taken into account 
philosophy design. During the past seventy-five years (since 1885), de- 
sign methods mild steel have become sufficiently standardized that ductility 
rarely considered explicitly the designer. Nevertheless reliance upon 
ductility implicit much the accepted practice steel design. 

illustrate this point, one may take look the practices hundred 
years ago, before mild steel was available. The metals primary construc- 
tion then were cast and wrought iron. Cast iron limited ductility, while 
wrought iron highly ductile. interesting compare the differences 
the these contrasting materials. was recognized that cast iron 
was weak intension, somewhat more satisfactory bending, but most effective 
for compression members. Wide use was cast-iron columns. Bri- 
tain particular, many small bridges were built with cast-iron arch ribs. 
Trusses frequently used cast-iron compression members with wrought-iron 
tie rods. The only available rolled shapes were small, that girders 
wrought iron were highly fabricated and thus expensive. Fairbairn’s tests 
the 1840’s showed that wrought-iron beams were lighter than cast-iron beams 
the same strength, but the cost was about equal. the other hand, was 
then much easier produce interchangeable parts from castings than from 
riveted assemblies. This was the decisionto build the Crys- 
tal Palace with cast-iron frame anda glass enclosure. This building was 
erected Hyde Park, London, England, only nine months after initiation 
working drawings, then disassembled and reerected Sydenham Hill the 
other side London. This adaptability prefabrication was major factor 
preferring cast-iron fact, for time there was brisk export trade 
prefabricated structures all kinds. Another factor, doubt, was the adapt- 
ability cast-iron members toornamental whichthe Victorians were 
fond. 

spite the practical advantages cast iron, was recognized that its 
indiscriminate use was wasteful material, particularly view the highly 
variable strength properties irons from different sources. The emergence 
mild steel about ago (about 1880) made possible develop heavier 
rolled sections low cost and this material rapidly supplanted cast iron 
most structural use. 

This example shows that low-ductility material such cast iron may 
used with advantage compression members, but that other uses call for 
extravagant use material. The abrupt decline the use cast iron the 
face competition from more versatile material (steel) indicates that the 
disadvantages cast iron were quite obvious. 

Two conflicting points view regarding the design structures prevailed 
during this period. The British engineers general preferred work the 
basis tests failure structural elements. The French, dominated the 
theoretical elasticians the period, preferred design the requirement 
that under actual working loads the structure remained entirely elastic. The 
factor safety had anessentially different eachschool. The weight 
academic authority the side the French the British 
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being mere empiricists. The French point view eventually won out 
civil and mechanical engineering, but not without making some concessions 
the other side. These concessions are often lost sight, because they are 
buried deep practices that have the sanctions many years experience. 
There (in 1960) tendency, again, several engineering fields, use the 
conditions failure acriterion for design, and thus introduce considera- 
tions plastic deformations supplement elastic analysis. sense, this 
return toward the point view the engineers nineteenthcentury Bri- 
tain. 

What meant ductility? The answer this from most engineers would 
the elongation and reduction area measured tensile test, with the 
usual emphasis being the elongation. This, however, not adequate for all 
structures. Consider square bar steel bent around mandrel small 
diameter. The elongations suffered the extreme fibers before failure are 
much greater than the elongation observed the tensile test. They can ap- 
proach the local elongation observed neck the tensile specimen, 
quantity measured the reduction area. This may very large, say 80% 
more. The reason for this that necking largely peculiarity the 
tensile test, and the elongation usually measured may greatly exceeded 
necking does not occur, test. more important matter that 
ductility not merely property the material, but depends the system 
stresses that imposed. Tremendous increases reduction area are 
found, for example, when tensile tests are conducted under high hydrostatic 
pressure. theother hand, sharply notched specimens high-strength steel 
break with very little ductility. were practicableto experiment, 
failure metal under uniform hydrostatic tension wouldoccur without plas- 
tic flow, regardless the ductility shown test. not uncommon 
case one whichthe stresses are biaxial and tensile, and one half the 
other. Such occurs cylindrical pressure vessels where the longitudinal ten- 
sion half the hoop tension. Fractures such vessel occur with consid- 
erable drop ductility—a representative figure being half the maximum local 
elongation observed simple tension. about 1930, was the practice 
deliver industrial gases 3,000 psi pressure mild steel bottles. number 
fractures occurred low temperatures when such bottles were dropped. 
This was due tothe reduced ductility under the system stresses inthe bottle 
plus the enhancing effect low temperature, about which will reported 
detail elsewhere this program. result, these bottles today are charged 
only about 2,000 psi, the bottles themselves being unchanged. 

short, then, the ductile brittle behavior materialis greatly affected 
the stress system which subjected and the simple tensile test gives 
only one indication the behavior the material. Other tests are needed 
round out the picture. Tests with sharp circumferential notches round ten- 
sile specimens have been found useful descriminating among steels high 
tensile strength. Edge-notched plates mild steel low temperatures have 
given valuable information brittle fracture. The Charpy notch impact 
test, which notch test rather than impact test, has also been useful 
distinguishing between mild steels subject brittle fracture. 

not suggested that such testing program necessary substantiate 
the general use mild steel structures. the contrary, normal tem- 
peratures most mild steel exhibits ample reserve ductility provide 
against the adverse effects multiaxial stresses. only the unusual com- 
binations ambient conditions, structure, and material that demand scrutiny. 
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Low ductility may present only incertain directions testing single 
block metal. These directional effects are most noticeable heavy sections 
such billetsor slabs. Usually the ductility tensile specimen cut parallel 
minor dimension will less than the ductility parallel toa major dimen- 
sion. The ductility measured along the thickness direction slab can 
surprisingly low. This behavior seems tobe general characteristic forged 
metals. Difficulties this kind have been encountered the aircraft industry 
when using fittings machined from forged blocks aluminum alloy. Some 
the failures large turbine rotors may associated withsimilar conditions. 
One should therefore wary the use heavy sections unless one sure 
that the ductility and strength are adequate all directions along which there 
are appreciable stresses. Castings can used minimise the directional 
effect, but they are subject other drawbacks, such blow holes and inho- 
mogeneities, which often make them unacceptable substitute. 

Since many materials low ductility show marked notch sensitivity fa- 
tigue, has frequently been suggested that good ductility needed for strength 
under repeated loading. Tests have not borne this out general. the other 
hand, materials with marked directional differences ductility have times 
shown unusually short lives fatigue loading. Some tests the writer sug- 
gest that this due exceptionally rapid growth fatigue cracks. The ini- 
tial crack canform early stage the lifeof specimen. After this, any- 
thing that accelerates crack growth will lead shorter fatigue life. Low 
ductility such cases appears not cause, but concomitant result 
some defective structure the material. 

generally recognized today that joints fabricated structure are 
points stress concentration that are rendered harmless smallamounts 
plastic deformation, highly localized. That this was not always realized 
indicated editorial “Engineering” (around 1910), which the editor 
describes lecture Coker photoelastic determinations the large 
stress concentrations around hole plate under tension. The editor com- 
ments that this all very well for theoreticians, but practicing engineer 
could believe such things, otherwise the Firth Forth bridge would have 
fallen down long ago! 

One may make arough conservative estimate the ductility needed elim- 
inate stress concentrations the following way. load applied 
bring the entire cross section the member the yield, one may consider 
that the stress concentrations are virtually eliminated. the elastic 
strain yield and strain concentration factor, the maximum strain 
the region the stress concentration will the order com- 
pare this with the ductility shown uniaxial tension, must multiply an- 
other factor which reflects the reduction ductility possible under multi- 
axial stress. representative value for can taken two. Thus, with- 
stand local strain concentration need uniaxial ductility approxi- 
mately €y- Tests showthe possibility that the strain concentration may 
somewhat higher than the stress concentration. value indicative the 
conditions riveted bolted joint, might take For such case 
need ductility the tensile test For mild steel this amounts 
about 1%. Even for material that has had submit some exhaustion 
ductility fabrication processes, mild steelunder normal con- 
ditions has plenty reserve meet this requirement. Severely deformed 
punched holes may exception this remark. 
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important note that the ductility required proportional tothe max- 
imum elastic strains the material. For materials other than mildsteel, the 
required ductility may higher. example, for the strong 7075-T6 alu- 
minum alloy, the same conservative estimate yields about 6%, and similar 
amount needed for the steels very high strength now being used air- 
craft. will seen that the larger the elastic range terms strain, the 
more ductility required. 

Most acceptable structural materials present use will then have ample 
the connections. Only materials low ductility willsuch stress concen- 
trations affect the strength. Such occasions can arise withlarge forgings where 
the ductility some directions may low. Plates loaded tension through 
the thickness have sometimes givenrise unanticipated failures this kind. 

have spoken earlier trend instructural practice design terms 
the load failure the structure. Design this basis must take account 
plastic behavior. this basis redundant structures are found possess 
reserves strength not shown statically determinate structures. This point 
view dates back tothe beginning the 20th century, but has received explicit 
formulation Van den and more recently other engineers, 
particular large extent this attitude represents the philos- 
ophy the aircraft designer who deliberately seeks predict the actual be- 
havior this structure failure. Because the economics aircraft con- 
struction, the aeronautical engineer has the advantage frequent tests de- 
struction his assemblies, that can fully aware the modes fail- 
ure his designs. The civil engineer the other hand justifiably reluctant 
depart from well-established practice until sufficient volume test re- 
sults has been accumulated confidence. Many such tests, however, 
are under enough data have showthat the point view 
limit design will have important effects onthe design philosophy civil en- 
gineers. 

Limit design often leads different factors safety than would predic- 
ted from conventional elastic design. rolled shape tested simply-sup- 
ported beam will collapse when the flanges have become fully plastic the 
maximum bending moment. This condition reached for normal shapes 
about 115% the bending moment which produces first yielding. as- 
sumed, course, that the beam adequately supported against premature 
failure lateralinstability. the moment distribution unaffected yield- 
ing simple beam, elastic design and limit design this case lead the 
same proportions and the same factor safety. The situation quite differ- 
ent, however, fixed-end beam under uniform load. Here the greatest bend- 
ing moments under elastic conditions are the built-in ends and yielding be- 
gins first these points. When the ends have reached their maximum plastic 
moment, the rest the beam still elastic loadcan with- 
out large increase deflection, the end moments remaining constant and the 
center moment increasing. Collapse finally occurs when the bending moment 
midspan reaches its fullplastic value. Elastic design ignores the action be- 
yond the point which the end moments develop plastic behavior. Limit de- 
sign, the other hand, considers the redistribution bending moment that 


“Theory Limit Design,” Van den Broek, Wiley, New York, 1948, 
“The Steel Skeleton,” Vol, Baker, Horne, and Heyman, Cam- 
bridge Univ. Press, New York, 1956. 
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DUCTILITY 


takes place due plastic action the ends. case, the actual failure 
load one-third higher than would predicted from elastic design. The ad- 
vantages limit design and its close relation the designer’s problem 
choosing the initial proportions his structure have been discussed recently 

The ductility required this approach design that which will develop 
the full plastic momentof thesection. For mild steel, this seemsto slightly 
plastic elongation the yield point before the stress-strain curve 
starts rise is, 1/2% 2%. Usually the factor safety will 
chosen that plastic action the kind considered will occur under maxi- 
mum working loads, but sufficient ductility must present permit the de- 
velopment the postulated kind behavior under overloading. 

The importance secondary stressesto the strengthof structures has been 
matter considerable argument. Parcel and Murer have reviewed 
this problem.5 They concluded that most cases secondary stresses are elim- 
inated small amounts plastic deformation. Like the end moments the 
fixed-end beam under distributed load, they are not essential static equili- 
brium, local relief plastic deformation does not affect the strength. This 
process quite similar the plastic deformation envisaged limit design, 
the ductility requirement substantially the same, let say another 
for mild steel. 

course, take advantage the plastic readjustments limit design and 
the relief secondary stresses, care must taken inthe designof connec- 
tions and proportioning members avoid local crippling and lateral insta- 
bility. appears that this can assured without appreciable departures from 
accepted practice. 

High residual stresses are known present rolled sections and 
welded assemblies. These can give rise plastic yielding low values the 
applied loads. The process plastic readjustment this case similar 
what occurs stress concentrations. Just the former case, the plastic 
strain required proportional the elastic range strain. ductility al- 
lowance equal that demanded stress concentrations would seem 
ample, 

have discussed four types structural action which some ductility 
the material needed load. These are: (1) plastic relief around 
stress concentrations, (2) redistribution internal lodas redundant struc- 
tures, (3) secondary stresses, and (4) plastic flow under combinations 
load stresses and high residual stress. The first and last items call fora 
plastic deformation proportional the elastic strain range. For mild steel 
suggested that each type behavior calls for approximately plastic 
strain. For other materials this requirement could greater. The second 
and third classes behavior call for ductility less dependent the partic- 
ular material. For mildsteel allowance eachseems sufficient. Thus, 
under the worst combination circumstances, mild steel structure under 
load might have develop that represented elonga- 
tion the tensile test. 

should not forgotten that fabricationand erection make demands the 
ductility the material, additional allowance should made for this. 


Design Methods Advantages and Limitations,” D.C. Drucker, Trans- 
actions, Soc. Naval Architects and Marine Engrs., Vol. 65, 1957, 172. 


“Effect Secondary Stresses upon Ultimate Strength,” Parcel and 
Murer, Transactions, ASCE, Vol, 101, 1936, 
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Perhaps might estimate that mildsteel needs overall least 10% ductility 
the perform adequately the usual design. Fabrication prac- 
tices such shearing and punching without subsequent machining may call for 
greater amount ductility. 

The preceding estimate the ductility needed conservative and based 
upon present practices ordinary steel structures. Where possible 
use special precautions, these requirements can reduced. Careful design 
details minimize stress concentrations andsecondary stresses and care- 
ful handling fabrication and erection can make materials lower ductility 
acceptable, and this has been done the aircraft industry. However, this 
prickly path, and the designer will breathe more freely dealing with 
material having substantial reserve ductility. 

have hitherto discussed plastic behavior helpful effect that makes 
possible for stress peaks smoothed out, thus permitting the structure 
function simple and direct means carrying load. There another and 
equally important role that plays, and that is, set limit onthe useful re- 
sponse structureunder load. Thus, statically determinate structure can- 
not carry useful loading beyond the point which one its members begins 
yield over the full cross section. This analogous tothe simple beam dis- 
cussed earlier. Columns mild steel cannot exceed average stress equal 
the yield point most before failure. intermediate lengths, columns will 
fail even lower loads. This may understoodonly take plastic effects 
into account. 

therefore seems abundantly clear that cannot understand the real be- 
havior metallic structure, either working loads failure, without 
taking into consideration the capacity the material for plastic deformation. 
Hence realistic design philosophy can afford ignore the particular be- 
havior material expressed its ductility. 
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FOREWORD 


The Engineering Mechanics Divisions Committee Mechanical Properties 
Materials conceived the Symposium Physical Metallurgy and Mechan- 
ical Properties Materials means summarizing, for the civil engi- 
neering profession, the current state knowledge and some the most 
recent developments the understanding materials behavior. The subjects 
ductility, creep, brittle fracture, and fatigue have become increasing 
concern engineering applications, the point where phenomenological 
descriptions these aspects materials behavior are becoming less than 
adequate for our needs. 

The science materials, stemming from physical chemistry, solid state 
physics, physical metallurgy, and mechanics solids, gives qualitative 
descriptions the fundamental processes involved the flow and fracture 
solids. These fundamental concepts were presented distinguished authorities 
the 1956 Symposium Physics Engineering Materials organized 
Waling and heldat Pittsburgh, Pa. Frederick Seitz discussed imperfections 
crystals, Thornton Reed, Jr., discussed dislocations, Clarence Zener dis- 
cussed internal friction metals, Blizzard and Weinberg dis- 
cussed materials for radiation shielding, and Dienes discussed the ef- 
fects radiation materials properties. The implications these subjects 
civil engineering practice were summarized Glenn Murphy. Much the 
material presented has been published the literature their own fields 
and may found their published works. The applications such funda- 


Note.—Discussion open until May 1961. Separate discussions should submitted 
for the individual papers this symposium, extend the closing date one month, 
written request must filed with the Executive Secretary, This paper part 
the copyrighted Journal the Engineering Mechanics Division, Proceedings the 
American Society Civil Engineers, 86, No. December, 


Chf., Applied Div., Mechanical Engrg, Dept., Battelle Memorial Inst., Co- 
lumbus, Ohio, 
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mental concepts have brought about entirely new materials well im- 
provement traditional materials and indeed have created entirely new 
industries. 

Theoretical relationships the quantitative kind desired for engineering 
design purposes are, many cases, still the state development. The 
development such fundamental theory exemplified the study 
brittle fracture Averbach (“Brittle Fracture,” Proceedings Paper, 
2686) and the relaxation theory creep metals Ree, Ree, and 
Eyring (“Relaxation Theory Creep Metals,” Proceedings Paper 2333, 
Journal the Engineering Mechanics Division, January, 1960, 41) and the 
importance these concepts engineering practice indicated the dis- 
cussions ductility Frankland (“Ductility and the Strength Me- 
tallic Structures,” Proc. Paper 2687), fatigue structural materials 
Grover (“Fatigue Structural Materials,” Proc. Paper 2688) and 
the review applications civil engineering Glenn Murphy (“Metallurgical 
Advances and Civil Engineering,” Proc. Paper 2689) are considered the 
committee invaluable the profession civil engineering. 

the present “Age Materials,” the problems providing the materials 
suitable for the anticipated service conditions many engineering applications 
require that all engineers familiar with the latest and best information 
pertaining materials behavior. The practicing engineer must cognizant 
the rapidly growing field materials science, which significant that, 
some cases, causing large scale revisions engineering college 
curricula. 

The Committee Mechanical Properties Materials, through the 1956 
Symposium Physics Engineering Materials, the 1958 Symposium 
Physical Metallurgy and Mechanical Properties Materials, the 1959 Sym- 
posium the Physico-Chemical Nature Soils, the 1960 Symposium 
Nondestructive Testing Materials, and the Symposium Teaching 
Materials Civil Engineering Curricula being planned for 1961, have at- 
tempted incorporate within the literature the American Society Civil 
Engineers significant amount the new knowledge the field materials 
behavior. Many the participants these symposia have been from pro- 
fessions other than civil engineering. sincere expression appreciation 
hereby tendered all who have contributed this effort. 


Joseph Throop, Chairman, E.M.D. 
Committee Mechanical Properties 
Materials, ASCE 


SYNOPSIS 


The current state knowledge about the fatigue properties structural 
materials reviewed. The progress being made, the case metallic al- 
loys, toward relating fatigue damage tothe behavior dislocations inthe crys- 
talline lattice enumerated. The need for more information the behavior 
nometallic materials under repeated stressing emphasized. 

Methods studying fatigue, the nature fatigue, and the extent labora- 
tory fatigue tests are indicated. concluded that present knowledge indi- 
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FATIGUE 


cated strongly that fatigue involves very local weaknesses and that design 
prevent fatigue will require more detailed consideration than previously has 
been necessary for design for static strength. 


INTRODUCTION 


Over ahundred years ago, was observed that structural parts 
sometimes fractured after many repetitions stress considerably less than 
the steady stress that they could support. This behavior was termed “fatigue.” 

Since then, fatigue failures have been reported many types machine 
parts and structural components. Failures attributed fatigue from repeated 
stresses have involved large economic losses and, few instances, cata- 
stropic accidents. Susceptibility fatigue under repeated stresses has been 
demonstrated for many structural materials, including metals and metalalloys, 
woods and plywoods, mortars and concretes, and laminated plastics. 

Advancing technology provides number potential new sources for fa- 
tigue. There are increasing sources vibration and stress repetition. the 
same time, there are trends for closer design minimize weight, decrease 
material costs, and permit more economical fabrication andassembly. More- 
over, there appear new materials and new uses for old materials. Conse- 
quently, becomes increasingly important for the engineer know much 
possible about design order prevent fatigue failure structural com- 
ponents that must withstand repeated loading. The objective this paper 
review the current state knowledge about the fatigue properties structural 
materials. 

accordance both with the interests this Symposium and with the bulk 
available information, the review will emphasize knowledge about metals and 
alloys. However, proposed note (partly way contrast) some 
the relatively limited information concerning fatigue behavior nonmetallic 
materials. 

For brevity, the discussion will concern fatigue room temperature and 
the absence corrosive environment surface fretting. Fretting, chemical 
corrosion, elevated temperatures, and thermal stresses present added com- 
plexities increasing engineering importance. However, even brief review 
the behavior materials under repeated loading absence these com- 
plexities contains enough challenging questions for present consideration. 


METHODS STUDYING FATIGUE 


The phenomenon fatigue metals under repeated loads was engineer- 
ing discovery motivated practical problems. Early reports were concerned 
items mine-hoist chains (1829), bridges (1842), and axles rail- 
way vehicles (1848-1852). Investigations fatigue nonmetallic materials 
were reported somewhat later, but were also related practical problems 
(for example, studies mortars 1898). 

the ensuing years, further studies have often been concerned with engi- 
neering needs and have been directed towardaccumulating data for engineering 
design particular machine parts andstructural components. Some informa- 
tion has been deduced from field experience and some has been obtained 
laboratory tests parts and components under simulated-service loading. 
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has been most useful many instances, but not often easily 
generalized for wide application. 

Particularly the past (since about 1935), considerable body 
data various materials has accumulated from systematic laboratory exper- 
iments test pieces subjected controlled cyclic loading. Many the re- 
sults are available published These results afford great 
deal information the comparative merits different materials and 
different methods fabricating specific material. The data from such lab- 
oratory tests also furnish empirical rules formulated for design. 

investigators have sought understand the basic mechanism 
whereby materials fracture under repetitions loads which, static, would 
not cause failure. Accounts such studies are must ad- 
mitted that the mechanism not yet wholly understood, although (as will 
suggested) progress has been made. 


THE NATURE FATIGUE 


From the many observations recorded over the past century, seems that 
the process fatigue failure can usefully described three phases. 


Under successive stressing, cumulative damage occurs insome 
small region until very tiny crack exists there. 

Under additional cycles, this crack propagates until becomes visible 
without magnification, and then grows until has weakened the section. 

After few additional cycles, the specimen fractures. 


Much effort has been expended towards description and understanding the 
first step. 

Orowan9 has pointed out that the inception fatigue crack may result 
from (1) the two processes strain hardening and some sort damage, and 
(2) the presence any material localized weak spots. For metals, there 
start toward understanding strain hardening, somewhat less certainty about 
the damage process, and adequate possibilities for weak spots. 

Particular efforts have been devoted searching for evidence damage 
prior cracking relatively pure (and ductile) metals. Considerable evi- 
dence indicates the importance localized slip that different under cyclic 
loading than under steady loading. Present belief (1960) that this may 
understandable terms dislocations the crystal lattice. not clear 
that localized slip will explain repeated stress damage very brittle mate- 


Metals,” Cazaud, Chapman and Hall, London, 1953, 

Jackson, Government Printing Office, 1954, 

“Fatigue Concrete,” Nordby, Annual Meeting American Concrete In- 
stitute, 

“References Fatigue,” American Society for Testing Materials, Committee E-9, 
Subcommittee III (annually, 

“Deformation and Fracture Mild Steel Under Cyclic Stresses Relation Cry- 
stalline Structure,” Gough and Wood, Institution Mechanical Engineers, 
Journal and Proceedings, 141, pp. 175-185, 

“Conference Fatigue and Fracture Metals,” Massachusetts Institure Tech- 
nology, Chapman and Hall, London, 

“International Conference Fatigue Institution Mechanical Engineers, 

London, and American Society Mechanical Engineers, New York City, 1956. 


“Theory the Fatigue Metals,” Orowan, Proceedings London Royal So- 
ciety, 171A, 7a, 
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FATIGUE 


rials, and has proposed probability sequence breaking 
weak bonds for such materials. For fibrous materials with long organic chain 
structures, few speculations have been reported. 

quite possible that the propagation crack under cyclic loading may 
follow somewhat different stress relationsthan the inception the crack. 
the case metals, present studies crack propagation under static and im- 
pact loadings may eventually helpful toward understanding the second step 
development fatigue failure. 

Since there incomplete knowledge the mechanism fatigue, present 
engineering depends mainly upon empirical principles involving interpolation 
between, and sometimes speculative extrapolation from, observed test data. 
The one precept from current indications about the mechanism that appears 
great importance that fatigue seeks out very localized weak spots test 
piece structure. Consequently, consideration fatigue requires atten- 


tion small details that are less important under most steady stress con- 
ditions. 


LABORATORY FATIGUE TESTS 


Most laboratory studies have involved subjecting number test pieces 
different magnitudes cyclic stress (or cyclic stress superimposed upon 
selected steady stress) and recording the different lifetimes failure. Since 
such tests usually show considerable scatter results, current practice em- 
phasizes statistical planning and interpretation Types speci- 
mens, types loading, and environmental conditions have been dictated partly 
convenience testing and partly anticipated service requirements. Ac- 
cordingly, the nature and extent information different materials differ 
widely. 

Most structural materials have been tested under some form cyclically 
reversed bending. Results are usually plotted stress versus number-of- 
cycles-to-failure (S-N) graph. Fig. shows illustrative results for several 
materials. Fig. shows the same values ratio stress amplitude 
static failure stress ordinates. each figure, the term “stress ampli- 
tude” refers one-half the range from minimum stress maximum stress. 
This and other terms used this paper follow American Society for Testing 
Materials (ASTM) nomenclature for fatigue. 

While the values shown Fig. and should considered illustrative 
rather than absolute, they provide some interesting observations. 


Each the several quite different materials appears fail after many 
repetitions stress cycle inwhichthe maximum stress significantly lower 
than the static strength the material. 

For the several materials shown, fatigue strengths for 10-million load 
reversals range from about 30% 55% static strength. 


There are observable differences the shapes the S-N curves for 
the different materials. 


does not appear figures isthe fact that for most materials 
absence special conditions the fatigue strength dependent onthe number 


Fourth Progress Report ONR, Contract ori-71, February, 1948, 
“Guide for Fatigue Testing and Statistical Analysis Fatigue Data,” American 
Society for Testing Materials, Committee E-9, Task Force Statistics, 1957. 
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FATIGUE 


cycles rather than time; that is, relatively insensitive speed 
cycling over appreciable range frequencies. Special conditions might in- 
clude the following: for metals, elevated-temperature corrosive environ- 
ment; for woods, atmospheric humidity; for concretes, humidity and length 
curing. 

Most structural components involve other considerations than the behavior 
smooth beam under fully reversed flexure. Loadings interest involve 
such concerns (1) steady load upon which superimposed alternating 
load, (2) torsion torsion combined with tension, and (3) often randomly var- 
ying loads. Critical configurations almost always include stress raiser, such 
notch, rivet, another type fastener. Because different materials 
have been most often studied for the load conditions andstress raisers most 
common importance intheir use, difficult todiscuss available information 
such matters for structural materials general. Accordingly, subsequent 
illustrations are given for specific materials. 


FATIGUE BEHAVIOR CARBON STEELS AND LOW-ALLOY STEELS 


The fatigue behavior mild steels has been investigated extensively. Most 
widely used steels have been tested rotating bending with particular atten- 
tion the fatigue limit (the stress which the S-N curve essentially hor- 
izontal; note Figs. and 2). Through wide range composition and heat 
treatment, there seems general correlation between the fatigue limit 
and the ultimate tensile strength. Upto moderate values tensile strength 
(perhaps 200,000 psi), values fatigue limit range around 50% the tensile 
strength; above this, they may lower. The considerable scatter any plot 
data for this relation has been attributed variations ductility, metallur- 
gical notches, and internal stresses. 

Axial-load fatigue tests steels have been run provide series 
S-N curves for different parametric values mean stress. From such se- 
ries there may derived Soderberg (sometimes called dia- 
gram, indicating the effect mean stress upon the stress amplitude that can 
withstood for specified lifetime. Fig. illustrates sucha diagram. 
may noted that, particularly for long lifetimes, the mean stress has rela- 
tively little effect until the maximum stress cycle exceeds the yield point. 
Relatively little information available for conditions inwhichthe 
compression. Some evidence suggests that under such conditions the toler- 
able stress amplitude increases. 

There has been considerable interest fatigue behavior steels under 
combined stresses. Several investigators have sought find method pre- 
dicting fatigue strength under any system stresses when has been deter- 
mined for one type stress. Most experimental work has been done under 
fully reversed bending and torsion, and analyzed terms familiar strength 
theories. Three such theories and corresponding predicted ratios torsion- 
fatigue strength, bending-fatigue strength op, are: (1) Principal-stress 
theory, 1.00); (2) Manimum-shear-stress theory 0.50); 
and (3) Shear-stress-invariant theory; 0.58. For several steels, ex- 
perimental values this ratio vary from 0.53 0.86 with average value 
0.63. This apparent importance shear stress seems pertinent observa- 
tions subsurface inception fatigue under rolling loads (bearings, wheels, 
rails, and on). Studies behavior steels under biaxial tension have gen- 
erally shown such large effects anisotropy that only empirical interpolation 
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FATIGUE 


between measured values for various combinations have been successful. Few 
investigations combined stresses under non-fully-reversed loading have been 
reported. 

Many observations indicate that the fatigue strengths steels are much 
more critically influenced notches than arethe static strengths. This effect 
has been studied comparing S-N curves for unnotched specimens with those 


for notched specimens. For fully reversed loading, the “fatigue notch factor” 
defined 


Fatigue strength unnotched specimen (1) 


which the stress amplitude for the notched specimen terms nominal 
stress (Mc/I, P/A, Tc/J) the sectionof the notch. For specific steel, 
usually increases with the severity the notch, indicated its theoretical 
stress-concentration factor, Ky. The quantity 


often used measure the “fatigue notch sensitivity” the steel. Fig. 
shows some values varying with notch radius, which seems important 
item. Kuhn and have suggested different approach.® 
engineering design, any source stress concentration geometric notch 
change section, metallurgical discontinuity suchas inclusion the heat- 
affected zone spot weld, localized stress bolt rivet) may pro- 
duce the deleterious effect sharp notch. 

has been found experimentally that specimen repeatedly stressed (short 
failure) some level may have, another level repeated life- 
time different from that virgin specimen. Considerable effort has been 
spent toward finding way assessing the cumulative fatigue damage 
steel subjected stresses different magnitudes often encoun- 
teredin service. present, there satisfactory very prac- 
tical problem. appears that better approaches the question cumulative 
damage may become apparent when alittle more insight into the basic mechism 
fatigue has been obtained. 

summary, appears that the fatigue properties the widely used steels 
are relatively insensitive composition, somewhat dependent metallurgical 
structure for particular hardness, and very approximately proportional 
hardness (or ultimate tensile strength). (While results are not conclusive, 
appears that tempered martensitic structure better fatigue than one con- 
taining intermediate transformation products.) These trends may offset, 
particular instance, other factors such surface condition (including 
the important item possible decarburization excess carburization), re- 
sidual stress, inclusions, any other stress-raising items. Such factors may 
vary from one heat another, and the fatigue strength part may criti- 


Engineering Method for Estimating Notch-Size Effect Fatigue Tests 
Steel,” Kuhn and Hardrath, NACA TN-2805, October, 1952, 
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cally influenced factors the heat from which made and its fabri- 
cation heat treatment combination the two. 


FATIGUE BEHAVIOR ALUMINUM ALLOYS 


Particularly view the demanding requirements aircraft, aluminum 
alloys have been tested extensively fatigue. 

Most commonly used alloys have rotating bending lifetimes 
108 cycles. usually stated that these alloys not have true fa- 
tigue limit (compare the curve for aluminum alloy withthe sharply flattened 
curves for steel Fig. 1). Another characteristic the long-lifetime fa- 
tigue strength does not show increasing with increasing ultimate ten- 
strength that steels show. average upper limit forthe fatigue strengths 
aluminum alloys about 20,000 psi. For the higher (static) strength al- 
loys, this corresponds about 30% the tensile strength. has been sug- 
that precipitation during the cyclic stressing may influence the rela- 
tively low fatigue strength the high-strength aluminum alloys. 

The wrought alloys, sheet form, have been investigated rather 
extensively axial loading with varying combinations mean and alternating 
stress. Fig. shows Soderberg diagram from data sheet specimens 
wrought alloy. The curves are drawn for lifetime 107 cycles and include 
results for unnotched specimens and for specimens with edge notches dif- 
ferent severities. general, the effect mean stress similar that for 
steels. for steels, notches reduce fatigue strength severely, and the fatigue 
notch factor appears increase with but also influenced notch ra- 
dius. There are, however, quantitative concerning the variation 
with notch radius for steels and for aluminum alloys. 

Information the effect combined stress states and information cu- 
mulative damage fatigue not much more much less complete for alu- 
minum alloys than for steels. One factor important some uses the effect 
reduction fatigue strength) the soft cladding commonly used for cor- 
rosion protection high-strength aluminum alloys. general, sufficient data 
are available take this into account design evaluations. 


FATIGUE BEHAVIOR OTHER METALS AND ALLOYS 


There are considerable data the fatigue properties met- 
als and alloys, including cast irons, magnesium and its alloys, cooper and cop- 
per-base alloys, nickel and nickel-base alloys, and some stainless steels and 
other heat-resisting alloys. There are some data relatively new metals and 
alloys and, fact,a few data nearly every alloy engineering interest. 
already noted, the extent and nature fatigue investigation each has been 
mainly related engineering interest anticipated uses that materials. 

Most metals and alloys show trends within the range those indicated for 
steels and aluminum alloys. might expected, however, details vary with 
the metallurgical behaviors the alloy systems. For steels, the nature and 
distribution the carbides which determine the static strength seem 
mine also the fatigue strength. For many aluminum alloys, the precipitation 


«Effect Geometric Size Notch Fatigue,” Kuhn, International Union 


Theoretical and Applied Mechanics, Colloquim Fatigue, Stockholm 1955, Julius 
Springer, Berlin, 1956, 
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FATIGUE 


hardness obtained suitable composition and heat treatment apparently in- 
fluences fatigue strength less than static strength. Magnesium alloys, because 
their hexagonal crystal structure, have less favorable cold-working char- 
acteristics than cubic metals such aluminum, copper, and iron. some 
instances, this may reflected notch-fatigue behavior. Some cast irons 
show low fatigue-notch sensitivity (and low fatigue strengths) that has been 
ascribed the character and distribution the graphite flakes which act 
metallurgical notches. general, the fatigue strength metal sensitive 
details metallurgical structure and inhomogeneities the structure. 

important realize that practically controllable factors such ma- 
chining, surfacing, welding, imposition residual stresses well compo- 
sition and heat treatment are related tothe fatigue strength metalor alloy 
manner peculiar the metallurgical nature that material. This means 
that interpolations and extrapolations specific data well experimental 
evaluation new materialor process should made under- 
standing the metallurgical factors likely involved. 


FATIGUE BEHAVIOR NONMETALLIC MATERIALS 


With the motivation many practical problems, there have not only been 
extensive studies the fatigue metals but also several collections per- 
tinent data and published accounts progress such studies.2,3,5,7 For most 
nonmetals, there less available information and the existing data have been 
less extensively collected and correlated. 

Recently (1958), there has been careful review investigations the fa- 
tigue studies concrete.4 The fatigue strength, like other strength properties, 
gregate, the compaction, the moisture content, and environmental conditions. 
There seems definite fatigue behavior: propensity fail under re- 
peated flexure stresses the order 55% the modulus rupture. 
some cases, the term repeated flexure” investigations concrete does not 
imply fully reversed loading. few instances fully reversed loading (in- 
cluding that used for illustration Figs. and strengths lower than 
55% the ultimate have been reported.) range speeds (70 cpm 
440 cpm), failure appears dependent the number cycles rather than 
the time; slower speeds, “creep phenomenon” seems interrelated, while 
data exist higher speeds. There some evidence effect mean 
stress upon range stress; little information effects combined stress; 
there are few data possible notch effects. considerable amount work 
has been done the complex study reinforced concretes (both without and 
with reinforced concrete, failure reinforcements and bond 
failure are important contingencies. More research needed toward under- 
standing the mechanism fatigue either plainor reinforced concrete; pend- 
ing such understanding, further systematic experiments may provide useful 
engineering-design information that could bring considerable economic returns. 

Another group nonmetallic materials which have been investigated fa- 
tigue includes woods and plywoods. Much the work these materials has 
been done the United States Forest Products Laboratories (and described 
various reports from there). factors (anisotropy with respect 
grain direction, moisture content, etc.) which influence static strengths, sig- 


nificantly affect fatigue strengths. Again, more research will needed 
understand the basic mechanism involved. 
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Other nonmetallic materials (including plastic laminates, some fibrous ma- 
terials, and on) have received limited study regard fatigue under re- 
peated stressing. 


CONCLUDING REMARKS 


number structural materials show propensity fail under repeated 
application stresses lower than their static strength. Such fatigue failure 
generally characterized development crack some localized weakness, 
subsequent propagation the crack and ultimate weakening degree that 
renders the structural component unfit for service. The localized nature 
early stages influenced conditions not always predictable from observed 
behavior the material under steady loading. 

the case metallic alloys, there progress toward relating fatigue 
age the behavior dislocations the crystalline lattice. However, such 
understanding not adequate either understand completely fatigue damage 
deduce relations engineering interest. particular, cumulative dam- 
age and some interrelationships fatigue with surface corrosion and, ele- 
vated temperatures, with creep need more basic understanding. Meanwhile, 
for metals there rapidly growing body data that afford some empirical 
rules for design and for comparative evaluation materials. challenge 
the engineer make wise use the available information. 

Less known about the behavior nonmetallic materials under repeated 
stressing. some instances, this behavior direct importance struc- 
tural engineering. general, more knowledge the similarities and differ- 
ences fatigue behavior metals andof nonmetals may eventually contribute 
toward broader understanding the mechanism fatigue materials. 

hoped that the next several years will show much progress 
understanding the mechanisms fatigue materials. However, 
present knowledge indicates strongly that fatigue involves very local weak- 
nesses and that design prevent fatigue, even with better theoretical under- 
standing, will require more detailed consideration than previously has been 
necessary for static strength. details will be- 
come more important structures are planned withstand higher levels 
vibration and repeated stressing and, especially, design safety factors are 
lowered for greater efficiency. addition items sketched this brief re- 
view, the added complexities behavior elevated and low temperatures, 
behavior under corrosive environment, effects radiation, and effects sur- 
face abrasion and fretting must considered. Design prevent fatigue 
structures may thus civil engineers, mechan- 


ical engineers, metallurgists, physicists, and others interested strength 
materials. 
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FOREWORD 


The Engineering Mechanics Divisions Committee Mechanical Properties 
Materials conceived the Symposium Physical Metallurgy and Mechan- 
ical Properties Materials means summarizing, for the civil engi- 
neering profession, the current state knowledge and some the most 
recent developments the understanding materials behavior. The subjects 
ductility, creep, brittle fracture, and fatigue have become increasing 
concern engineering applications, the point where phenomenological 
descriptions these aspects materials behavior are becoming less than 
adequate for our needs. 

The science materials, stemming from physical chemistry, solid state 
physics, physical metallurgy, and mechanics solids, gives qualitative 
descriptions the fundamental processes involved the flow and fracture 
solids. These fundamental concepts were presented distinguished authorities 
the 1956 Symposium Physics Engineering Materials organized 
Waling and heldat Pittsburgh, Pa. Frederick Seitz discussed imperfections 
crystals, Thornton Reed, Jr., discussed dislocations, Clarence Zener dis- 
cussed internal friction metals, Blizzard and Weinberg dis- 
cussed materials for radiation shielding, and Dienes discussed the ef- 
fects radiation materials properties. The implications these subjects 
civil engineering practice were summarized Glenn Murphy. Much the 
material presented has been published the literature their own fields 
and may found their published works. The applications such funda- 
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mental concepts have brought about entirely new materials well im- 
provement traditional materials and indeed have created entirely new 
industries. 

Theoretical relationships the quantitative kind desired for engineering 
design purposes are, many cases, still the state development. The 
development such fundamental theory exemplified the study 
brittle fracture Averbach (“Brittle Fracture,” Proceedings Paper, 
2686) and the relaxation theory creep metals Ree, Ree, and 
Eyring (“Relaxation Theory Creep Metals,” Proceedings Paper 2333, 
Journal the Engineering Mechanics Division, January, 1960, 41) and the 
importance these concepts engineering practice indicated the dis- 
cussions ductility Frankland (“Ductility and the Strength Me- 
tallic Structures,” Proc. Paper 2687), fatigue structural materials 
Grover (“Fatigue Structural Materials,” Proc. Paper 2688) and 
the review applications civil engineering Glenn Murphy (“Metallurgical 
Advances and Civil Engineering,” Proc. Paper 2689) are considered the 
committee invaluable the profession civil engineering. 

the present “Age Materials,” the problems providing the materials 
suitable for the anticipated service conditions many engineering applications 
require that all engineers familiar with the latest and best information 
pertaining materials behavior. The practicing engineer must cognizant 
the rapidly growing field materials science, which significant that, 
some cases, causing large scale revisions engineering college 
curricula. 

The Committee Mechanical Properties Materials, through the 1956 
Symposium Physics Engineering Materials, the 1958 Symposium 
Physical Metallurgy and Mechanical Properties Materials, the 1959 Sym- 
posium the Physico-Chemical Nature Soils, the 1960 Symposium 
Nondestructive Testing Materials, and the Symposium Teaching 
Materials Civil Engineering Curricula being planned for 1961, have at- 
tempted incorporate within the literature the American Society Civil 
Engineers significant amount the new knowledge the field materials 
behavior. Many the participants these symposia have been from pro- 
fessions other than civil engineering. sincere expression appreciation 
hereby tendered all who have contributed this effort. 


Joseph Throop, Chairman, E.M.D. 
Committee Mechanical Properties 
Materials, ASCE 


SYNOPSIS 


Emphasis placed the applicability materials studies all phases 
civil engineering. The preceding papers the symposium are commented 
and the significance the points raised the authors are noted. The 
historical aspects materials studies are noted well the need for new 
studies clear areas some confusion. 
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Initially, might considered that series topics such the ones 
discussed this symposium would interest only the structural engi- 
neer because his direct concern over the relationship between mechanical 
properties and failure. However, further consideration makes aware that 
the topics discussed are vital significance all civil engineers, for all 
are concerned with materials. Civil engineering, the term now commonly 
applied, is, one sense, more was the time the found- 
ing ASCE over century ago. engineering have evolved from 
the civil engineering that was originally distinguished only from military 
engineering. the other hand, the scope civil engineering has expanded 
new areas learning have opened andas significant technical penetrations 
have been made other areas. 

The ideas discussed the previous papers this Symposium (Proc. 
Papers 2686, 2687, 2688, 2689) are not limited one material and one use 
but are applicable many the wide variety materials used the civil 
engineer whether his particular specialization transportation, sanitary, 
structural. All must use materials, for through the use materials 
that the ideas and the ingenuity the engineer find tangible expression. 

One the principal occupations the engineer that making predic- 
tions. His professional obligations involve making prediction whether 
product that designing will safe whether its use will result loss 
life property. This his basic responsibility. the use the product, 
whether bridge, airport runway, water purification system, 
judged constitute hazard, someone will have the job redesigning it. 

Down through the years diverse techniques have been used for design, for 
making predictions, and for insuring safety proper functioning product. 
one time human sacrifice was deemed essential the success project. 
Since then have made some progress, although have not yet learned how 
avoid sacrifice thousands hours time millions dollars. 

Our difficulties stem part from the fact that use precedes complete 
understanding. are forced design, construct, and put into operation 
wide variety products before understand completely how they function. 
one respect this normal because our knowledge and understanding de- 
velops from experience. newclass phenomena, such nuclear reactions, 
must usually observed experienced before any theory adequate for 
making predictions their behavior can formulated. this light, be- 
comes evident that the degree sophistication with which can make pre- 
dictions must consistent with our capacity for observation and for meas- 
urement. This does not mean that must observe specific phenomenon 
before can make prediction regarding it, but must know that exists, 
and must have attained, through experience stemming from observation, 
respectable level confidence regarding its general nature. 

Initially, observations relating cause and effect were entirely qualitative 
nature. The first builders deduced general relationships between load and 
failure beam column. These were developed primitive quantitative 
basis methods measurement evolved. The rules thumb between load 
and failure largely controlled structural design and the thinking structural 
designers through recorded history engineering the time Hooke. This 
approach firmly established the concept stress the significant criterion 
impending failure since strain less easily observed than fracture and 
since the accurate measurement strain fairly difficult operation, 
was not until about one hundred thirty years ago (about 1830) that the role 
strain, even simple flexural member, stress below the proportional 
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limit was But for many years thereafter, stress was considered 
the prime criterion impending failure. 

Within recent years the importance strain and other geometrical con- 
siderations controlling the behavior material being recognized. The 
recognition has come about from two sources. One from the theoretical 
considerations arising through the activities the solid state physicist, the 
other through direct observation. anattemptto explain the discrepancies 
between the observed strength metals and their theoretical strength based 
deduced structure, the concept imperfections crystal structure was 
introduced. Since these imperfections could interpreted geometrically 
well terms potential fields, attention was turned geometry. Im- 
proved metallographic examination techniques and the use diffraction 
for probing details atomic structure have given evidence assist the 
interpretation the role imperfections structure influencing the 
properties materials. 

the same time impetus has been given the consideration the 
geometry displacement route fracture (or failure general) 
through the observation failure situations where failure could not 
reasonably explained the basis stress alone. Also, from purely 
phenomenological viewpoint obvious that the criterion failure 
basically geometrical may define failure lack proper 
functioning, but this almost invariably interpreted geometrically. The ma- 
terial deforms too muchelastically, behaves inelastically, sags droops, 
comes apart. All are geometrical phenomena, The importance geometri- 
cal considerations making predictions when materials will fail has been 
touched several times the preceding papers. 

Ductility may considered geometrical property since 
measured terms change geometry. Frankland has brought our 
attention the importance the localized geometry upon the ductility. The 
capacity material for being distorted into new configuration without 
losing continuity depends not only onits external geometry, that its original 
outline and the shape into which distorted, but also its internal 
geometry crystal structure. 

The influence notches and cracks reducing ductility, their relationship 
brittle fracture, and the reduction the endurance limit are manifesta- 
tions the influence external geometry. These effects are generally recog- 
nized and have been summarized for our attention today. The influence the 
internal geometry manifested two levels least. 

One level the microscopic, which associated with grain size 
crystal size revealed metallographic examination. The influence cold 
working upon grain size with its attendant effect upon ductility one example 
this. The value annealing reduce residual stresses permit re- 
crystallization has long been recognized. Once the characteristics given 
alloy have been explored standard methods, satisfactory predictions 
performance can made. 

However, order develop explanation the results attained 
these empirical methods, the observational techniques must improved. The 
improvement may involve consideration smaller scale phenomena, and 
this leads the study atomic geometry space lattice systems and 
their corresponding geometrical defects. The degree magnification re- 
quired for this brings one investigations near the forefront research 
materials. result some well verified findings certain generalizations 
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may made. Reference has already been the differences behavior 
face-centered, body-centered and hexagonal lattices. 

The next step, which not yet complete because inherent difficulty, 
that evaluating forces and energy levels functions atomic structure 
and structural defects. Direct calculations, even for perfect crystals, are 
extremely tedious but machine calculations are expected aid materially 
clarifying the relationships between structure and properties. 

Frankland has emphasized the fact that ductility not inherent 
property the material, but dependent localized stress and strain. 
That is, the capacity material for distortion without failure fracture 
depends the manner the distortiontakes place, how the material 
constrained during deformation. 

Since the basic mechanism deformation (but not the only one) one 
shear along planes highest atomic density, follows that the ductility 
material may considered denote its capacity for withstanding high 
shearing deformation without failure. However, the geometry the member 
under consideration, the type loading, the orientation the planes 
probable shear may such that opportunity exists for the development 
large scale ductile deformation. Under those circumstances the material 
appears brittle. crystal metal easily bent hand, whereas 
piece the same size and the same material polycrystalline form may 
highly resistant bending hand. the latter instance the large scale 
deformation inhibited unfavorable orientation the many crystals, but 
the basic material potentially ductile when the form ofa 
single crystal. 

The strain concentration mentioned Frankland one method meas- 
uring the boundary geometry the member and thus serves index 
the importance inherent ductility the member. has pointed out, 
numerical association may developed between stress raisers and the mini- 
mum safe ductility measured the percentage elongation tensile 
test. 

The phenomenon the deformation continuing under constant load also 
closely associated with the boundary geometry ofthe member and the internal 
geometry the material. Here postulated that the deformation results 
primarily from the movement dislocations through the material. tem- 
peratures approaching the melting point some metals, the activation energy 
for creep has been found equal that for self-diffusion. This result 
assists explaining the nature the creep process. However, lower 
temperatures the two are not equal, indicating that additional process 
taking place during creep the lower temperatures. The work Ree and 
Eyring provides further information the nature the localized centers 
deformation activity during creep. 

Averbach has presented comprehensive discussion the present 
state knowledge brittle fracture. has indicated that the failure 
localized nature, consisting chain band localized discontinuities 
which propagate rapidly through the material from point stress concen- 
tration strain concentration. The importance the external geometry 
providing regions concentration has been noted. The elimination the re- 
duction potency such regions significant factor design. The point 
has been made that the quantitative influence surface imperfections 
difficult evaluate, being dependent upon the rate loading, the temperature 
and other environmental factors and upon the material itself. 
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The internal geometry the material, including the type atomic lattice 
and the imperfections, ranging from grain boundaries displaced individual 
atoms, also highly significant the detail design individual member. 
stated, the last safety factor must built into the metal. 

not always possible improve the design adding material reduce 
stress. The cost adding material may prohibitive terms weight, 
reduction flexibility, producing malfunction the device. The addition 
pound excess weight airplane presents certain problems, but for 
satellite missile the addition weight that not absolutely necessary 
results design and operational problems that are far more serious. 

Some the problems developing satisfactory and reliable tests ma- 
terials serve starting point for design have been discussed, and their 
influence specifications noted. such tests materials for specifications 
least three dangers are always present. whether not the material 
the specimen tested truly representative the material used 
whether the variations between lots melts material bias the results. 
There are many examples difficulties arising from differences among 
samples. 

Another danger comes from the implicit assumption that the significant 
property the material for the with the property 
evaluated the test. The resistance material load the resultant 
sevdral component resistances, and the balance among them often delicate. 
The component resistances are structure sensitive and sensitive environ- 
ment. Hence, difference few degrees temperature may shift the 
balance among the component resistances and lead false indications from 
the test specimen. 

The third factor the effect surface treatment condition. The authors 
have stressed the effects cracks, notches, surface irregularities. 
difference between the surface preparation the part used and the 
test specimen may invalidate the results from the test. 

Thus, are led the conclusion that tests determine whether not 
given material meets specification must interpreted the light that 
meeting the specification does not insure satisfactory only 
means that the sample tested meets test requirement that experience has 
shown satisfactory index performance the product. This point 
view satisfactory for application where ample experience has been 
gained, ordinary mild steel reinforcing bars for concrete. However, 
not satisfactory for new applications has been shown many times. Ina 
new application the required balance between contributing resistances may 
different than any previous application, and the cost making many 
trials gain the necessary experience may prohibitive. determining 
the worth new material the significant requirements the material 
new application, fundamental approach must used, and this gained 
through analysis and study the problem. This point view has been im- 
plicit the remarks the authors the papers this Symposium. 

Grover, particular, has pointed out that the consideration 
fatigue, attention small detail necessary greater degree than the 
consideration steady stress. has noted that the development theory 
fatigue normally based the assumption that failure starts small 
discontinuity the material result stress strain concentration and 
that the resulting crack works across the material the stress removed 
and reapplied. The fact that unloading and reapplication load necessary 
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for the propagation the evidence change the internal geome- 
try the material result unloading. This has led consideration 
the possible mechanism movement dislocations other imperfections 
during unloading. One tentative conclusion that the mechanism somewhat 
like that rachet permitting motion the dislocations only one di- 
rection. This closely associated with the problem cumulative damage 
under repeated loading. 

Experiments the behavior uranium under repeated loading certain 
stress levels have revealed the formation extensive network surface 
cracks after relatively few cycles loading and this may followed 
millions cycles loading before any crackor series cracks progresses 
through the specimen. Thus, the formation crack does not necessarily 
indicate impending failure fatigue. Here again, the seriousness crack, 
the influence the external geometry depends upon the nature the ma- 
terial. 

For some materials, fatigue cracks developed one stress and tempera- 
ture range appear within the individual grains, other ranges stress 
and temperature the cracks are intergranular. From may concluded 
that fatigue failure may involve more mechanism, and that more than 
one strength criterion may necessary make possible the prediction the 
endurance limit new alloy the influence change environment 
resistance repeated loading. 

Long ago learned that the ultimate tensile strength was not enough 
describe completely the characteristics material for load-carrying pur- 
poses. This fact sometimes recognized specifications. learned that 
the deformation characteristics are also highly significant many applica- 
tions, and the authors have shown the effect certain environmental factors 
upon those characteristics. doing, they have emphasized the fact that 
the properties material fall into twoclasses—those which are essentially 
unchanged changes environment and those which are markedly affected 
environment and internal geometry structure. Those properties 
associated with resistance fracture inelastic action under load are 
structure sensitive, general. 

inherent resistance given material, for the resistance the combi- 
nation resistances varies with conditions. may think terms 
potential strength the material given environment and under given 
load change configuration, but the available strength materials 
normally fabricated entirely different quantity. 

must not lose sight the question what properties really want 
materials. obtain talk strength-weight ratios and are inclined use 
them figures merit, but usually based axial loading may 
misleading actual application. The tensile strength water practi- 
cally zero normally interpreted, but under equal triaxial tensile stress 
high. 

The various arts increasing the axial tensile strength metal nor- 
mally result decreased ductility. clearly apparent that gain 
strength the expense ductility, capacity for geometrical adjustment 
under load, not always desirable. 

Many years ago, this need for “ductile” adjustment formed the basis 
Kipling’s, “Ship that Found Herself.” the famous “One Hoss Shay” have 
the picture the ultimate fate product designed the basis strength. 


The result came with the suddenness fatigue failure and the finality 
brittle fracture. 

Another item that has not been particularly emphasized the discussions 
but which has bearing the entire problem that the statistical nature 
materials. The mechanics that we, civil engineers, are accustomed 
use calculating stresses and strains Newtonian mechanics, based 
Newton’s laws motion for single particle and extended rigid bodies. 
However, the level magnification that the strength properties ma- 
terial are actually established, the material cannot considered rigid 
continuous medium. must regarded seething mass electrons and 
atomic nuclei constant motion and with continually varying interatomic 
forces that will control the properties. Thus, the properties measured 
test must regarded statistical, and the qualities required the piece 
used are also statistical because uncertainties loading. 

Hence, find that the problem predicting performance must, the last 
analysis, also contain indication the desired required probability 
the prediction. The adoption statistical point view inevitable our 
exploration for more reliable methods reducing the failure materials 
service. phenomenological scale will needed the designer es- 
tablishing limits confidence predictions, microscopic scale will 
needed the metallurgist and the physical tester controlling and re- 
cording the properties materials, and the atomic scale will needed 
physicist bbringing nearer tothe day when materials, like structures, 
will designed perform desired. 
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SYNOPSIS 


elasto-plastic analysis for the bending and buckling prismatic struc- 
tural members numerical procedures presented this paper. stress- 
strain diagram composed two straight-line segments used approximate 
the actual stress-strain diagram the material. This simplifies the compu- 


tations and gives reasonably good accuracyfor materials having defined stress- 
strain diagrams. 


INTRODUCTION 


ling the elasto-plastic range presented. Two general assumptions are 
made this analysis: first, that the material the member homogeneous 
and plane sections remain plane; second, that the history loading assumed 
have nostress reversalandthat noappreciable initial 
the members under investigation. 

The method described was developed several years ago thesis the 
buckling problems with hope that this method can generalized and possibly 
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refined solve other more complicated design problems beyond the elastic 
limit. simple stress-strain diagram composed two straight lines with dif- 
ferent slopes recommended the actual stress-straindiagram 
material. For easy illustrations, members rectangular sections are used 
the examples and the material assumed have rela- 
tionship tensionand compression. This simplified diagram sufficiently 
accurate for metals such some aluminum alloys, cold-rolled steel and high- 
strength steel. Fig. typical stress-straindiagram aluminum alloy 
shown two straight-line segments slopes and that approximate 
its actual stress-strain relationship. curve showing the change tangent- 
modulus the stresses plottedon the same graphfor com- 
parison. 

Notation.—The letter symbols adopted for use this paper are defined and 
arranged alphabetically, for convenience reference, the Appendix. 


PURE BENDING BEAMS 


The bending theory adopted inthis analysis based the principle flex- 
ure used the classical elastic theory for pure bending beams. The methods 
moment-area and conjugate-beam are applicable here, but the method 
superposition determine stress strain beams under several loads will 
not true the elasto-plastic range. 

The simplified stress-strain diagram shown Fig. represents the gen- 
eral relationship between stresses and strains tension and compression 
for materials having sharply defined yield point. For practical purposes, 
reasonably accurate assume that such material would have constant 
modulus yield point and adifferent modulus above 
the yield point. the flexural principle, the unit fiber strain directly pro- 
portional the distance the fiber from the neutral axis. beam sym- 
metrical cross section bending willhave its stress distribution and 
corresponding strain diagram its critical section shown Fig. When 
there axial load section, the fiber stress distribution must satisfy 


fiver f f' wdy' = 0 


-c' 


Assume that the tensile side the f-e diagram identical the compres- 


sion side. Thenc'=c, y=er, For rectangular sections 
constant and Eq. becomes: 


and 


which 
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which will called the effective modulus. Substituting for 


transforms Eq. into Eq. 


Eq. can written 


which 


Fig. shows set “a” versus “A” curves for rectangular beams ma- 
terials with values ranging from 100 computed according Eq. 
The term isa constant for when and Egare determined. 
The value any sectioncan computed when the moment that section 


known. With the value Fig. the effective modulus and the maxi- 
mum fiber stress are given 


Knowing the M/EI diagram could drawn along the entire length the 
beam, from which the slope changes and deflection curve can computed 
any the methods used the conventional elastic analysis such conjugate- 
beam, moment-area, graphical method. For most engineering materials, 
small compared Ej; hence when beam loaded not too far beyond 
the elastic limit, one may assume or, Eq. then becomes 


seenthat Mreaches 1.5 My, and both approach infinity. This mo- 
ment usually called the ultimate moment the plastic design. Under 


and 


this moment plastic hinge produced the critical section the beam and 
the parts either side the section rotate relatively toone another while the 
section transmits constant moment equal the ultimate moment. 

1.—A beam rectangular section simply supported both ends 
with load acting the center the span (Fig. 4). The maximum stress 
and deflection the beam its midspan are determined follows: 

Using the stress-strain diagram shown Fig. for illustration, and as- 
one obtains that 32,700 in. and for this beam. Then the M/EI 


FIG, 


(a) (b) STRAIN 


(c) STRESS 


FIG, 


diagram can plotted dividing the lengths the beam into intervals 
find and the supports and the deflection the beam, Newmark’s3 
numerical procedure can used illustrated Fig. From Fig. 


Procedure for Computing Deflections, Moment and Buckling Loads,” 
Newmark, Transactions, ASCE, Vol. 108, 
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100 
Center deflection (122,840) 5.23 in. 


Maximum Stress mid-span 62,700 psi. 


Value of A 


Value of aw 


FIG, 


Assuming the ultimate stress 


1.33 the ultimate load determined 
solving for Eq. 10, 


1.33 = y t Egey (@- (12) 


this example, found 14.6. Fig. gives the corresponding 
value 74.6. Therefore, the ultimate moment 59,300 in. 
and the ultimate load 4950 lb. From the elastic analysis the yielding 
load allowed produce maximum stress beam equal the yielding stress, 
2720 lb. beam shown Fig. designed for working load based 
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P=4800 
L=48 in. 
M-diagram 
13.6 
(a) 
x, in zm M = 
40000/ 
symmetrical 
Common 
factors 
M/EI 144 288 540 
Equiv. 
Slope 
21140 do. 
Deflection 
(c) 
FIG, 
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its ultimate load divided safety factor less than ratio the ulti- 
mate load the yielding load) will subjected stresses beyond the elastic 
limit the center portion the beam. determine the stress deforma- 
tion the beam loaded, the effective modulus should used construct 
the M/EI diagram instead the elastic modulus 

Eq. and Fig. are derived for rectangular beams only. For cross sec- 
tional shapes other than rectangles, the same derivation procedure would pro- 
duce similar results. For framed structures where the carry-over factor and 
the relative stiffness member vary with the amount moment distributed 
the member, wellas withother factors such and the member, 


Tangent modulus 10°, in psi 


Stress, in psi 


Stress=modulus 


psi 
psi 
psi 
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methods successive approximation? must employed calculate the final 
moments under elasto-plastic loadings. 


BUCKLING COLUMNS 


The buckling equation for perfect column derived from the simplified 
stress-strain diagram (Fig. is: 


(L/R) 


Analysis Continuous Frames and Beams,” Lawrence 


Johnson, and Herbert Sawyer, Jr., Proceedings, ASCE, 84, De- 
cember, 1958. 
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The buckling curves for axially loaded columns plotted Fig. for 
are derived from Eq. 13. seen that the portion this column curve 
below the yield stress coincides with the Euler’s curve. Because the dis- 
crepancy between the actual and the simplified diagrams, this curve gives 
higher critical stresses near the yield point than the values obtained the 
tangent modulus formula® which derived from the actual stress-strain dia- 
gram the material. The Tangent-Modulus curve for the perfect column de- 
rived from the formula expressed by: 


(Et corresponding the actual stress-strain diagram), was plotted 
Fig. for comparison. When column eccentrically loaded, the effect 


Euler’s curve 


(P/A), kips per in. 
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FIG, 6.—COLUMN CURVES FOR ECCENTRICALLY LOADED COLUMNS 


this discrepancy seems good approximation can obtained 
with the simple computations required this method compared other 
more exact methods. 

The method investigating the ultimate strength eccentrically loaded 
columns outlined the procedure illustrated Example 

Example 2.—A rectangular pin-ended column (Fig. with uniform depth 
and width assumed made the material having the stress-strain 
relationship shown Fig. When this column loaded beyond the elastic 


«Theory Elastic Stability,” Timoshenko, McGraw-Hill Book Company, Inc., 
New York, Y., 
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the cross section mid-span will one the cases shown Figs. 
and with the assumption that the column remains nearly straight until buck- 


ter Maximum tensile strain; Maximum compression strain; and 

Hence 


and 


and 
121 


Using for tensile stress and for compressive stress Eqs. and 17, 
Eqs. and are obtained. 


and 


ee (18) ) 


4 
= 


and 


Eqs. and will also cover case shown Fig. where the compres- 
stress acts over the entire section, that is, <a<- 


FIG, 


FIG, 


From and 20, values can plotted againsta and bin family 
curves shown Fig. 11. From and and with Fig. 
11, values can plotted for various and Avalues inanother group 
curves Fig. 12. example, Fig. prepared non-dimension- 
ally for rectangular columns material with 0.0243. 

Once the M-Adiagram for columns certain material andknown cross sec- 
tionis established, the deflections can acolumn 
under compression assuming Afor eachsection. The deflectioncurve then 


| 
7 
ip : 
| 
4 
' 
a 
e 
| 
- ij 
4 


ELASTO-PLASTIC ANALYSIS 
could plotted semi-graphical procedure follows: 


Assume the midspan column under compression 

Determine M-Adiagram (Fig. 12) corresponding the given 
and assumed 

Compute M,/Pas the deflection midspan the column measured 
from the line action then compute the radius curvature 
midspan. 

Compute the off-set values, dg, ----, deflection curve witha 
maximum value the center the span. The computing procedure il- 
lustrated Table where “s” asmall segment the column. The complete 


FIG, 


deflection curve will then plotted shown Fig. 13. the course this 
computation, taken sufficiently small, one the successively computed 
will become equal most cases, will fractional number rather 
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half-length equal inequilibrium under concentrically applied load 
and pre-selected midspan deflection 

From thus obtained (Fig. (a)) observed that the central 
portion the column length represents eccentrically loaded column 
with eccentricity which has the same configuration equilibrium the 


TABLE 


FIG, 


original column length and axial load Hence single deflection curve 
computed previously described, represents the equilibrium configurations 
entire set columns under with different eccentricities 
ranges from zero 


s s s h 
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d, 


Using given value and various mid-span deflections 
set curves for versus can obtained for various values shown 
Fig. 15. After determining the curvefor eccentricity the maxi- 
mum point the curve gives the maximum lengthof aneccentrically loaded 


FIG, 


FIG, 


column and which also the critical length this column stable 
condition. The column curve versus L/R for various values equivalent 
eccentricity can drawn after the critical lengths columns are de- 


termined the maximum points from the graphs plotted for various values 
such the one shown Fig. 
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ELASTO-PLASTIC ANALYSIS 


Fig. example the column curves drawn the preceding procedure 
for materials having simplified stress-strain diagram given Fig. This 
method gives anexact solution the buckling strength for columns materials 
having f-e diagram composed two straight lines and good approximation 
for materials whose f-e diagram has sharply defined yield point. This pro- 
cedure the reverse of, but achieves the same result as, the customary 
methods used elastic analysis. the method presented, the length col- 
umn calculated satisfy the equilibrium condition for the given load anda 
pre-selected deflection. This approach lends itself very well the analysis 
eccentrically loaded inelastic columns, and this feature that value. 

The buckling loads thus obtained are for the hinged columns. For columns 
with end restraints, effective length would used place the actual 
length the column inelastic analyses. For columns cross 
sections other than rectangle, shape factor “k” could applied €c/R2 
that the equivalent eccentricities expressed would replace the orig- 
inal €c/R2 values. With the rectangular shape the reference cross section, 
that is,k 1,a set generalized column curves can prepared for practical 
designs various columns with without restraints. 


CONCLUSIONS 


The representation the stress-strain diagram for structural materials 
two straight lines different slopes results considerable simplification 
structural problems beyond the elastic limit. the determination the 
ultimate strength columns, the method presented utilizing this simplified 
stress-strain diagram, still time consuming but not impractical demon- 
strated the givenexamples. This simplification applied tothe determination 
critical loads perfect columns shows large discrepancy the range near 
the yield point stress (Fig. but sufficiently accurate for determining 
critical loads eccentrically loaded columns. The column curves shown 
Fig. are derived semi-numerical and semi-graphical method which 
the critical length column determined with given loadand pre-selected 
deflection. The advantage this method lies the fact graphs 
for various loadings and eccentricities are customarily required practical 
column design that the time and effort spent their preparation would 
justified their usefulness for designing columns the same material under 
various typical loading conditions. 

The examples given are limited rectangular easy 
illustration. Members other cross sectional shapes will have different 
versus curves and versus (Fig. 12) curves, but the same pro- 
cedure would used with little modifications. 


APPENDIX. NOTATIONS 


distances extreme fibers from neutral axis; 


effective modulus; 


average modulus elasticity below yield point stress; 


Sp 
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average modulus elasticity beyond yield point stress; 
tangent modulus elasticity; 
unit fiber strain; 
maximum fiber strain; 
ultimate strain; 
yield point strain; 
unit stress; 
maximum fiber stress; 
ultimate strain; 
yielding stress; 
slenderness ratio; 
bending moment; 
ultimate moment; 
yielding moment; 
radius gyration the cross section; 
radius curvature neutral axis; 
total strain; 
eccentricity; and 
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ELECTRICAL ANALOG FOR EARTHQUAKE YIELD 


kindremarks made tothis paper. The extremely 
painstaking work Messrs. Berg and Thomaides (which have had the op- 
portunity studying more detail than appeared the discussion) has been 
most valuable, serving both confirmation and correctionof our own work: 
confirmation, that the measure earthquake energy dissipation struc- 
ture has been obtained two sets investigators and found within limits 
that the practising engineer can accept thereby offering hope consistent 
design procedure for earthquake structures; correction, that differences 
large between and ours have been obtained. certain 
that the process digital computation more accurate than analog pro- 
cedure and Mr. Berg’s comprehensive check procedure would seem elimi- 
nate possibility error. only one point can doubt possibly exist and that 
the alteration the accelerogram from its original form. We, like Mr. 
Berg, altered our accelerogram. our case, the base line was bent give 
zero terminal velocity the ground. reflection now think alter- 
ation the accelerogram invalid. seems now that such alteration 
unnecessary itdoes not materially affect the results andphilosophically un- 
acceptable does. Having said this, must admit that wedo not think that 
this explains very much the disparity between our results. 

Attention then focussed our analog techniques. Mr. Housner has sug- 
gested frequency our yield circuit. Pictures the 
istic (the highest frequency involved) are shown Fig. think 
the yield characteristic sufficiently straightsided dispose this asa 
source serious error. seems that the between the digital 
and analog methods occurs where the yield deflections are small compared 
the elastic deflections. This occurs long periods and high levels yield 
acceleration. also this condition that the analog technique used 
most suspect. some saving grace that this condition the least signifi- 
cant the engineer. Nonetheless, apparent that our techniques have not 
been sufficiently accurate and they are being overhauled. 

this stage enquiry into new field think best the 
position saying that Mr. Berg’s data isprobably morecorrect than ours and 
wait for further work define the position more clearly. 

Research Officer, Bldg. Physics Section, Div. Research, National Research 
Council, Ottawa, Canada, 
Chief, Mech. Engr., Dominion Physical Lower Hutt, New 


Tech. Officer, Engr, Seismology Section, Dominion Physical Lab., Lower Hutt, New 
Zealand, 
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Mr. Glogau has asked that correct his statement that the “Polytechnical 
School Mexico City appears have been dynamic design.” later con- 
tribution from Mr. Binder, Chief Engineer, Bethlehem Steel Corp., advises 
that this building was short period, did not exhibit any foundation failure, and 
did not reflect propertest aseismically-designed structure. Mr. Glogau’s 
other points may summarized bythe statement that rigid buildings may well 
damping and plastic yield qualities the foundation bet- 
ter than flexible structure. This trueand there some slight evidence 
support the belief that this actually occurs. Unfortunately one has yet meas- 
ured the dynamic andplastic properties soils. would seemto worth- 
while project for someone undertake. 


FIG, 


That there will general relationship between the energy built ina 
structure and the energy dissipated structure 
(as has been put forward Mr. Blume) expected. design procedure 
which relates the energy the elastic spectra with the area under the static 
load deflection curve failure seems err overmuch the side safety. 
would reasonable suppose that excursions and fro less 
than this would enclose some form hysteresis loop. None the less, the 
present level knowledge subject, Mr. Blume’s procedure con- 
siderable current practice. The elastic curve com- 
mented Mr. Blume contains calibration error and too low some 
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LATERALLY LOADED THIN FLAT 


Closure William Bradley 


WILLIAM BRADLEY,24 ASCE.—As stated the original paper, the 
writer agrees with Messrs. McInnis, Tsai, and Sims regarding certain advan- 
tages using metal models the method, because errors may in- 
troduced the use the calibration plate for determination physical con- 


TABLE 


qa /p 


Max, edge 


Grid spacings: 


a/4 
a/6 -.044728 
a/8 .0014244 -.047368 


.0012722 
4,6,8 .0012700 
6,8,10 .0012661 
4,6,8,10 


stants. cases where clamped edges are desired, however, felt that the 
plastic may still preferable, because its low modulus elasticity less 
than one-tenth that magnesium will result less elastic deformation 
the support itself and thus closer approximation true fixity. 

suggested that the Moiré method may give better results, insome cases, 
than the finite difference method; this possible, although with the experi- 
mental method, impossible know the percentage error which 
side the true value lies. With finite differences, using successively 
finer grids, convergence toward the true value will usually result, indicating 
the directionof Also, the use extrapolations, greatly improved 
results can obtained. These, certain cases, will “exact.” 

For the square clamped plate with uniform load, results from different grids 
were shown Fig. 14. Similar results given tohigher place accuracy and with 
extrapolations are shown Table 


October, 1959, William Bradley. 
Assoc. Prof., Applied Michigan State Univ., East Lansing, 


2 
Extrapolations: 
‘4 


a 


The center deflections .0012653 compares with the value .0012763 
obtained Mr. al., using the Rayleigh-Ritz method and that 
.0012653 obtained Wojtaszak. plates unusual shape, loading bound- 
ary condition, the experimental method might lead closer approximations 
than would obtained difference solution which was practical from 
standpoint human machine computer time. 

The methodof loading mentioned Mr. Terzian interest and might 
particularly usefulin the loads varying intensity. Mr. Terzian 
also referred the alinement procedure followed; the model, the grid and 
the negative planes were all adjusted first vertical plane the use 
spirit level. After the vertical adjustment, the planes were then made parallel 
horizontally using direct reference points thethree planes. 
computations have been made the possible error caused failure 
these three elements tobe parallel, since that they were very nearly 
so. 

Finally, the writer wishes express his appreciation tothe discussers for 
their comments. 
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ANALYSIS FRAMES WITH NONLINEAR 
Discussion Edward Wilson 


EDWARD WILSON, author has developed methodof analysis that 
realistically predicts the behavior frame structures loaded into the plastic 
range. The methodis simpleto apply because makes use the well- 
known techniques moment distribution. Since the deformation the struc- 
ture fixed and the unknown forces are determined iteration procedure, 
problems convergence are virtually eliminated. However, because struc- 
tures areusually analyzed for specific loadrather than for specific defor- 
mation, the method does have practical limitations. 

However, advantage deformation patternof the structure and 
then solving for the internal forces that the secondary effects due these 
displacements canbe evaluated. the structure that analyzed bythe author 
Example also loaded with vertical forces shown Fig. 12, then the 
behavior the structure becomes function the lateral displacement. This 
nonlinear behavior due the overall geometric change the structure and 
not caused the nonlinear behavior the individual structural elements. 
The secondary moments developed due this displacement can accounted 
for the computation for load based the geometry the deformed 
structure. For this example, easily shown that the load terms in- 
ternal moments and lateral displacement given the following equation: 


The load function lateral displacement shown the dotted lines 
Fig. 12. Detail analysis the author’s procedure was carried out for lat- 
eral displacements one and two feet. For this structure the importance 
considering the effects vertical loads clearly illustrated. apparent 
that the maximum load must determined atrial and error procedure. 

The nondimensional moment-curvature relationship developed bythe author 
basedon uniaxial state stress. general this not the stress condi- 
tion flexural members, and tests showthat the actual moment-curvature re- 
lationship tends much Another approach, which perhaps 


June, 1960, Alfredo Hua-Sing Ang. 
Graduate Student, Dept. Civ. Engrg., Univ. California, Berkeley, Calif. 
“Commentary Plastic Design Steel: General Provision and Experimental Veri- 
fication,” Progress Report the Joint WRC-ASCE Committee Plasticity Re- 
lated Design, Proceedings, ASCE, Vol. 85, July, 1959. 
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DISCUSSION 


equally valid, assume that the moment-curvature continuous function 
and can expressed the nondimensional equation 


which and Mfp can determined fromthe material andcross sectional 
properties the member. The form this equation similar the well- 
known stress-strain equation developed Ramberg and Osgood.8 For values 
resenting the moment-curvature. The advantage expressing the moment- 
curvature continuous function that the end rotations can expressed 
terms end moments the equation 


n+2 n+2 


+ 


This equation equivalent the author’s Figs. and which were obtained 
numerical integration procedure. course Eq. not restricted 
specific material type cross section. 

number frame structures composed members whose nonlinear be- 
havior represented Eq. have been analyzed.9 This approach was de- 
veloped under National Science Foundation Research Grant. part this 
investigation IBM 704 computer program was developed which solves the 
general nonlinear frame structure. eliminate problems convergence 
incremental load method was used. This method approximates the analysis 
structure the sum the analyses series structures, each acting 
linearly under small increment load. The displacements and member 
forces are obtained after each load increment. Therefore, the complete be- 
havior obtained the structure loaded. 

the author’s procedure, the geometry the structure based 
specific deformed shape then the effects these deformations can eval- 
uated. Because the structure solved load increment method the solu- 
tion will correct whenthe displacements correspond tothis deformed shape. 

The author’s Example was analyzed this approach. The solid lines 
Fig. show the results computer analysis this structure. These re- 
sults agree very well withthose obtained the author’s method. This indicates 
that for this structure the difference caused the approximation the mo- 
ment-curvature acontinuous function small. The computertime required 
for this complete set results was less than ten minutes. 

The nonlinear characteristics joints and foundations can also consid- 
ered with the same computer they are idealizedas separate struc- 
tural elements with nonlinear properties. 


“Description Stress-Strain Curves Three Parameters,” Ramberg and 
Osgood, NACA 902, July, 

“Matrix Analysis Non-Linear Structures,” Wilson, Proceedings, ASCE 
Second Conference Electronic Computation, Pittsburgh, September, 1960, 
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VIBRATIONS AND STABILITY PLATES UNDER INITIAL 


ASCE.—The authors’ conclusion that beams plates 
may become unstable aresult alone aninteresting con- 
tribution, especially since itis rather unexpected. Even in, the authors point 
out, the beam would have uncommonly long for such phenomenon oc- 
cur, the authors’ development nevertheless basic interest and throws con- 
siderable light onthe general elastic instability plates and beams. 

The authors have chosen their results interms Cartesian com- 
ponents. Undoubtedly, the most natural language for the problem discussed 
the authors that general tensors. may surmised that the authors 
selected their own method presentation order reach larger group 
readers. so, the penalty has certainly been oneof increased complexity and 
length, say nothing measure obscurity which inherent equations 
covering page more, does the authors’ Eq. For this reason, and 
view what follows, permission requested conduct this discussion the 
more compact language Cartesian tensors. 

The authors have developed their theory “from the bottom up,” that is, with- 
out making use more general formulations that have appeared 
Actually, the problem discussed the paper represents special case the 
general instability elastic bodies. Substitution particular buckling mode 
into the equations governing the general case the special problem 
treated the paper under discussion. 

the deformations prior the onset instability are neglected, done 
the paper, can readily (16), (17), (18) that the Lagrangian 
function takes the form 


Eq. refers the already existing system stresses, while 
stands forthe displacement field which superimposed onthe body equi- 
librium. Roman subscripts take the values and subscripts preceded 
comma denote differentiation with respect the corresponding coordin- 
ate, denote summation overtheir range. Unless other- 
wise indicated the notation inthis discussionfollows closely possible that 
the original paper. may also interest point out that the first two 
terms the integrand are obtained expanding the potential energy 
Taylor series near the equilibrium and retaining only the quad- 
ratic terms. The last expression the integrand the kinetic energy. 


June, 1960, George Hermann and Anthony Aremenakas, 
Engrg. The Univ, Michigan, Ann Arbor, 
Numerals parenthesis, thus (1), refer items the Bibliography. 
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For the sake brevity the classical plate theory will assumed here, al- 
though extension include the effect shear deformations and rotatory 
inertia can made without difficulty. this spirit the displacements are as- 
sumed the following type 


Eqs. are the authors’ Eqs. with the approximation already in- 
cluded. When now are substituted Eq. and the form the 
strain energy density assumed that isotropic elastic material 
the condition plane stress, then the Lagrangian function becomes 


this the first integral represents the usual energy bending, 
the second the energy the “membrane stresses,” the third can interpre- 
ted asthe work done the existing stress system, and the fourth isthe kinetic 
energy before. and denote the same stiffness coefficients the 
paper. The terms that have been ignored Eq. are the same type 
those ignored the authors. Moreover, the work done the existing shear 
forces has been eliminated means the equations equilibrium 


29a + = 9 S82 4 6 218 6.6 (66) 


which represents the kind “body couples” envisaged the authors. 


mentioned before, terms corresponding rotatory kinetic energy have been 
dropped. 


From the functional Eq. the equations motion can derived the 
usual manner through Hamilton’s principle. This leads 


1-V 


and setof natural boundary conditions that are not reproduced the 
sake brevity. may remarked that Eq. 63, and hence all subsequent de- 
velopments, are based onthe assumption loading system which constant 
and conservative; other words, the authors’ terms the type Am! and 
introduced their Eq. are seen vanish, although they can included 
the discussion with little additional difficulty. 

Eqs. are practically identical with the authors’ Eqs. and ex- 
pressed Cartesian components. slight discrepancy, however, arise. 


For example, the first there arise terms the type 
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(using the authors’ notation), which are not present the original equations. 
Theseterms are usually small significance but must included for the sake 
completeness. 

The discrepancy arises out the assumed inthe original 
paper. The authors present several possibilities, among which they cite Eq. 
23. This they the basis that would lead the relation 
txx) “insteadof the anticipated txx.” aresult the authors 
resort the artificial set Eqs. 25. 

The argument adopted rejecting Eq. not tenable. The stress com- 
ponents that the authors introduce canbe shownto lack true tensorial prop- 
erties since they are based the instantaneous directions but the original 
istherefore not clear why the relationship just quoted 
should anticipated. The correct stress-strain relationship obtained through 
the use the Kirchhoff-Trefftz stress tensor, which related the ac- 
tual stress tensor multiplying the latter where the instantane- 
ous mass density and the original mass density. Because, the authors 
themselves point out, jj, follows that 


other words, the authors’ t;; represents the change inthe value the Kirch- 
hoff-Trefftz tensor. The right side Eq. obtained through Taylor ex- 
pansion and linearization; the second derivative evaluated the appropriate 
value If, moreover, assumed quadratic the strains, then the 
second derivatives appearing Eq. are constants and the additional Kirch- 
hoff-Trefftz stress components are related the additional strains through 
the usual linear (Hooke’s Law) coefficients. 

Because the form not specified, the temptation great assume 
that the authors’ Eq. can, nevertheless, obtained through suitable choice 
the energy function. will now shown that this not possible. fact, 
view the vanishing the stresses for vanishing strains (thus eliminating 


the linear terms), the most general form except for irrelevant con- 
stant, 


which the indicated symmetry the coefficients can deduced bythe usual 


argument. The constants Cijkl the customary approximation lin- 
ear elasticity. 


follows from Eqs. and that the stresses and their increments 
are governed 


j 
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particular, 


the other hand, when the nature the coefficients representing 
Hooke’s Law remembered, the authors’ Eq. implies, inter alia, that 


which the second equality obtained substituting the first with 

The two formulations, Eqs. and 72, must identical for all values 
comparison follows that 


where the symmetry properties the coefficients have beenutilizedin Eq. 73b. 

can easily demonstrated that Eqs. 73a and 73b are mutually incompat- 
ible. For example, the former implies that whereas the lat- 
ter postulates the vanishing the same coefficient. Since is, general, 
different from zero (and, fact, equals Lamé’s constant for isotropic 
material), the contradiction has been established. other words, not 
possible select energy function which will satisfy both the authors’ Eq. 
and, simultaneously, Eq. 68, which must considered basic because 
derived from thermodynamic principles alone. Similar considerations make 
necessary reject the authors’ Eq. 24. 

the final point this discussion the validity ignoring the pre-buckling 
deformations will analyzed. The authors point out correctly that the error 
thus introducedis negligible the pre-buckling stresses are small compar- 
ison with the elastic constants—that is, the pre-buckling strains are small 
compared with unity. Actually, this necessary but not sufficient con- 
dition. can readily shown, and is, fact, apparent from study the ref- 
erences cited here, that the simplification introduced the authors valid 
only all the initial displacement gradients are small. This means that both 
initial strain well rotation components must negligible. Examples 
which the latter may significant abound the literature. For example, the 
instability (that is, snapping) shallow spherical cap cannot analyzed 
properly without including the effect initial deformations. this case the 
strains are small while the rotations are not. 

Acknowledgment.— This discussion connected with some the work being 
carried out under National Science Foundation sponsorship. 
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ULTIMATE STRENGTH OVER-REINFORCED 
Discussion Iqbal Ali 


IQBAL ASCE.—The authors are congratulated fortheir ex- 
cellent paper the ultimate strength over-reinforced beams. sig- 
nificant contribution and constitutes another step towards solution more 
general problem. This problem concerned with estimating the ultimate 
strength concrete members, subject any given mode loading, iden- 
tifying the same with the maximum internal resistance that can mobilized, 
accordance with the stress-strain response the concrete, rather than 
the basis more less arbitrary criteria for its actual rupture. 

The writer had, some time ago, presented similar the ulti- 
mate flexural strength both over and under-reinforced beams, using 
basis the stress-strain curve concrete axial compression. idealized 
relation exponential form, suggested Smith and Young, was used 
for demonstrating the principle. The general quadratic relation proposed 
the authors, distinct improvement, view its greater flexibility de- 
fining widely varying curve forms. 

felt, that would, perhaps, relatively simpler obtain the neces- 
sary stress-strain curves for concrete compression, directly from axially 
loaded specimens, instead using beam tests. would, course, neces- 
sary employ some suitable device eliminate feed back from the testing 
machine, enable the descending portion the curve traced. Deter- 
mination such curves for concrete made with different types aggregates, 
and for different rates loading, would provide valuable additional data. 


June, 1960, Ladislav Kriz and Seng-Lip Lee. 
Research Officer, Andhra Pradesh Engrg. Research Dept., Hyderabad, India. 
«The Ultimate Flexural Strength Reinforced Concrete—A New Approach,” 
Iqbal Ali, Indian Concrete Journal, 33, No. March, 1959, 
“Ultimate Flexural Analysis Based Stress-Strain Curves Cylinders,” 
Smith and Young, ACI Journal, Vol. 28, December, 
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EXPERIMENTAL STUDY BEAMS ELASTIC 


solve the problem beam elastic foundation, and especially for deal- 
ing with the difficult which the supporting medium possesses non-linear 
load-deflection characteristics. However, the type model used, while suit- 
office. 

the writer’s opinion model analysis most useful aid the designer, 
alternative numerical analysis meansof providing quick in- 
dependent check long and tedious computations. But such models should 
capable being quickly and cheaply made, and, fact, the most useful struc- 
tural models for the ordinary designer are those that can manipulated 
the drawing-board. 

The writer has developed “large-displacement” technique for solving the 
problem the elastically supported beam. The model beam consists per- 
spex spline constant thickness, the depth the spline being varied cor- 
respond with variations the flexural rigidity the prototype beam. The 
elastic supports, whichcorrespond with the coil-springs inthe author’s model, 
consist cantilever beams cut from the same sheet perspex. The depths 
and lengths the cantilevers are arranged reproduce any required stiffness 
the supporting medium. foundation material the Winkler type, witha 
constant reaction modulus, thus represented bya series cantilever beams 
constant length and depth. The cantilever beams are connected the main 
beam pin-jointed connecting pieces struts, the whole assembly being 
mounted flat the drawing-board. The cantilevers are attached the board 
two three tightly fitting panel pins. reduce friction the board may 
put into the near-vertical position. The method operation the model 
follows 

The first connecting strut the left-handend removed 
that hasa holes drilled throughit alongits length. Using 
this special strut the connection between the first cantilever support and the 
beam lengthened, thus imparting upward deflection the main beam and 
downward deflection the first cantilever. The curved form the main 
beam traced the drawing paper with fine pencil, noting particularly the 
positions each the elastic supports and the location any concentrated 
loads the prototype beam. The downward deflection the first cantilever 
also noted. The specialstrut isthen removedand replaced, now using apair 
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holes that are closer together, which will cause the main beam deflect 
downwards and the cantilever deflect upwards, and again the positions are 
traced the drawing paper. 

The total displacement that has thus been applied the connecting strut 
the sum the main beam and cantilever displacements position 
Let this total displacement The ordinates measured between the two 
extreme positions the main beam, divided Muller-Breslau’s 
principle, influence line for the first supporting strut. Influence 
lines for each elastic support are obtained this way, and, hence, the elastic 
reactions may found forany loading. the method anindirect 
method based Muller-Breslau’s principle, any system loading may 
considered once the influence lines have been obtained, and not necessary, 
the author’s set-up, take new setof readings for every loading case. 
Distributed loads not present any particular problem. 

Due minor variations the stiffness the supporting cantilevers, the 
accuracy obtained the above procedure may rather disappointing, but 
greatly improved accuracy may obtained the following considerations. 
If, the prototype beam, there were concentrated load acting the beam 


TABLE 


Location 
(X)p inches 


Deflection 


Stephens 


each elastic support, the value this concentrated load being numerically 
equal the stiffness the adjacent spring, then the beam dis- 
in., uniformly throughout its length, and the loadon any spring would 
numerically equal its stiffness. Now consider the influence line obtained 


for support No. (See Fig. 7). satisfy the previous requirement should 
have 


which the spring constant any support. 
practice will found that this equation not exactly satisfied. 


may, however, use the valve instead the value when obtaining 


the scale the influence line, and this will give results. The dis- 
placed positions the cantilever beams need not recorded all, but fact 
better record these and carry out the above check prevent gross 
errors. 

Using large number supports the model, the stiffness each canti- 
lever made equal the foundation stiffness per unit length, multiplied 
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the spacing the supports. small numberof supports used, better 
take the stiffness corresponding the reaction continuous beam 
rigid supports. 

The method may also used solve cases the type described the 
paper, where the load deflection curves for the foundation are non-linear. When 
the first pressures has using approximate initial values 
the secant soil moduli, and the deflections determined, second more ac- 
curate set values for the effective secant soil moduli may found, and the 
lengths the cantilever supporting beams adjusted accordingly. 

The example the laterally loaded pile solved the author has been ana- 
lyzed this way, using spline in. long 1/16th in. thick, and using only 
six elastic supports. Only two cycles the iteration process were used, be- 
cause the scales the soil reaction curves were not shown Fig. the 
paper. The writer had reproduce these fromthe information given Table 
the paper and sketching the curves approximately inspection 
Fig. but obviously this not satisfactory procedure. 

Nevertheless, the agreement with the author’s predicted deflection curve 
remarkable. See Fig. and Table 

This method has been used the writer solve many problems elas- 
tically supported beams. 
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STRESSES DUE THERMAL GRADIENTS REACTOR 


ZIENKIEWICZ, ASCE.—The case discussed the authors typ- 

ical the many complex thermo-elastic problems presented the design 
reactor shields. the assumption independence thermal and elastic 
properties introduced the investigation can subdivided the usual man- 
ner into two distinct phases dealing with the temperature and stress distribu- 
tion aspects separately. connection with the second phase that the writ- 
er’s comments are concerned. problems structural analysis numerous 
approaches are possible even the most standard types examples and 
appears from literature survey that the field thermal stress analysis 
simple structures the picture similar. The approach suggested 
Boley and used ably the paper under discussion typical method ana- 
lysis which, however, more complex conditions becomes difficult follow. 
alternative method approach that the writer will refer the “method 
restraint” has his experience proved extremely valuable dealing with 
numerous thermal stress problems. 

The “method restraint,” valid for all linear elastic structures consists 
three distinct stages: Stage computationof stresses throughout the struc- 
ture dueto thermal changes alone, with the assumptionthat allelementary dis- 
placements are prevented; Stage computationof external forces necessary 
maintain the structure the undeformed position; State imposition 
forces opposing those Stage unstressedstructure. Clearly 
the final state stress results from superposition stresses computed 
Stage and Stage 

The advantages this approach are considerable. the first place the 
computation stresses Stage almost trivial, resulting compressive 
stresses equal for the cases which Poissons ration zero as- 
sumed. addition the computations involved Stage III for astructure under 
external loads are type with which the engineer familiar and for which 
many known solutions are available. Often the solution this de- 
rived simple inspection. 

The computation Stage involve only the concepts statics and present 
little difficulty. 

illustrate the above remarks let arch similar the one discussed 

the paper considered but with more general typeof temperature distribu- 
tion T(x,y,t) which now may also function axial (x) well radial 
(y) position. 
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FIG, 6.—TYPICAL STAGES THE SOLUTION THERMAL STRESSES ARCH 
SUBJECT ARBITRARY TEMPERATURE CHANGE 
ARCH SUBJECT RADIAL TEMPERATURE CHANGE 
Fig. 6(a) shows the restraining stresses, developed displace- 
ments are permitted. These result any section normal force 
and moment 
(35) 
From Fig. 6(b) evident that maintain equilibrium necessary 
apply radial load 
and tangential force 
dNr 
each element unit length. Lastly Fig. 6(c) the problem Stage 
given which can solved any standard procedure. 
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the particular case discussed the paper both and are invariant 
with and therefore the problem stress distribution particularly simple 
requiring only solution arch subject uniform outwards radial load 


and the stresses resulting preceding compressive stresses 
shown Fig.7. The solution for anuniformly loaded segmental arch 
available texts and together with the restraint stresses will give 
the final stress distributions identical those given the paper. 

Fig. the stresses resulting due toa particular temperature distribution 
are shown. not indicated which section the arch these stresses are 
applicable. There obviously considerable variation stresses from the 
the abutments the arch which depend onits thicknessto radius ratio. 

The authors discuss the use the Duhamel integral the evaluation 
temperature distribution from known step imput temperature. 
This approach very valuable inthe superposition linear effects and 
extension this one may well consider the adiagram similar that 
Fig. “influence chart” for direct computationof stresses due arbi- 
trarytemperature pulse. This would repetition the solutions 
the purely structural problem for different temperature distributions. 
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DIVISION ACTIVITIES 
ENGINEERING MECHANICS DIVISION 


Proceedings the American Society Civil Engineers 


NEWS 


December, 1960 


CHAIRMAN’S ANNOUNCEMENTS 


Professor Popov, incoming chairman the Executive Committee, 
Engineering Mechanics Division ASCE, and Professor Structural Me- 
chanics, University California, Berkeley, suggested the following items 
possible interest members the EMD. 

The ASCE has just established the Von Karman Medal, and the first 
medalist, William Prager, received the award Boston during the annual 
meeting. Dr. Theodore Van Karman, whose honor the Medal was estab- 
lished, was also the meeting and was presented with replica the 
medal memento. 

The status two manuals being prepared the EMD committee 
follows: the “Commentary Plastic Design” passed all the hurdles and 
shortly will published joint ASCE-WRC manual. second manual 
“Design Structures Resist Nuclear-Weapons Effects” has been available 
report form for several weeks and was reported the recent annual 
meeting Boston. The deadline for comments reviewers was December 
15, 1960. The EMD has strongly recommended that the publication this 
work proceed with minimum delays. 

Two publications interest persons working mechanics are now 
available: 

Proceedings the IUTAM Symposium the Theory Thin Elastic 
Shells, held Delft, August 1959, has been published North Holland Pub- 
lishing Company and available through the Interstate Publishers, Inc., 
New York. 

Proceedings the First Symposium Naval Structural Mechanics, 
held Stanford University, August 1958, now available from Pergamon 
Press, edited Goodier and Hoff, 1960. 

The International Association for Shell Structures planning additional 
Symposia the subject shells. The first being scheduled 
cooperation with the International Union Testing and Research Laboratories 
for Materials and Structures. This will deal with “shell research” 
and will held Delft, Netherlands, from August through September 
1961. The second colloquim will take place Brussels, Belgium, from 


Note.—No. 1960-45 Part the copyrighted Journal the Engineering Mechanics 
Division, Proceedings the American Society Civil Engineers, Vol. 86, No. 
December, 1960. 
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September 4-6, 1961. will deal with “simplified calculation methods.” 


EXCERPTS FROM ANNUAL REPORT 
Oct. 1959 Sept. 30, 1960 
Executive Committee 


During this past year the Engineering Mechanics Division has, usual, 
continued its effort improve Society publications and policy well 
carry expanding basis operations characteristic any active 
Technical Division. Some this activity described the reports the 
individual Division Committees which follow this introductory summary. 
These also include the current committee membership lists. 

Two manuals sponsored the Division are nearing the final stages. These 
include the “Commentary Plastic Design Steel” which discussion 
closed September 1960, and the “Design Structures Resist Nuclear- 
Weapons Effects” which still open for discussion. 

The Newsletter continues its active function under the editorship Donald 
Dean, now the University Delaware. The volume papers being 
processed the Division has doubled the past two years and now averages 
about sixty-five per year. About one-third are rejected withdrawn. This 
increase required issuing the EMD Journal bi-monthly basis beginning 
April, rather than quarterly heretofore. 

Previous Division recommendations the Society Publication Policy were 
accepted. Under the new procedure all papers cleared after December 1959 
and published the Journals will re-issued the Transactions, collated, 
and indexed. However, some final adjustment may needed this matter 
since the volume printed material must controlled some budgetary 
limitations. would appear that either drive have all Divisions consider 
shortening the maximum allowable length papers from the present 18000 
word limit raising acceptance standards for papers would now 
order. The requirement that only Journal papers which attracted constructive 
discussion published the Transactions was withdrawn after number 
Divisions, including EMD, objected. 

The increase papers being submitted for presentation EMD will re- 
quire their being read regional well annual meetings the future. 

the 1960 annual meeting EMD scheduled more sessions than any other 
division—8 all which papers will presented. addition EMD 
cosponsored the West Coast Conference Applied Mechanics with the ASME 
June 27-29 California Institute Technology and supplied papers for 
this program. EMD also scheduled the first simultaneous conference between 
technical division and meeting State ASCE student chapters. This meet- 
ing took place Purdue University May 5-6. Eleven papers were pre- 
sented. Dr. Mario Salvadori, former EMD Committee Chairman, gave the 
principal banquet address this student and structural mechanics conference. 
Attendance varied between 100. 

Dr. Bruce Johnston and Mr. Elmer Timby (contact member) repre- 
sented EMD the ASCE Technical Procedure Conference Omaha April 
29. They presented EMD recommendations the conference and series 
suggestions were prepared for the Division Activities Committee. 
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The Fluid Dynamics Committee organized new task committee 
Past Objects Immersed Boundary Layers” and studying the desirability 
incorporating oceanography and meteorology its sphere activity. 

The Von Karman Award became official Society prize when the special 
committee headed Dr. Arthur Ippen finished its fund raising and selected 
Suitable medal. The first recipient was nominated the EMD Advisory 
Board under Dean John McNoun’s direction. telephone conference call 
system scheduled predetermined time was used for final discussions 
the several nominees. This proved quite successful and considerably 
less expensive, financially and time-wise, than Board meeting would have 
been. 

The EMD Executive Committee met Washington October 20, 1959 and 
again Lafayette, Indiana May 1960. usual the agenda were full and 
the discussion lively most topics. 

One the several men nominated May 1958 EMD for the Society Re- 
search Award received this prize 1959. like number was nominated again 
this year. 

EMD membership continues gain faster rate than division member- 
ship generally. 13.3% growth was exhibited this past year and the division 
now ranks 7th size. report such this, prepared retiring chair- 
man, would complete without expression sincere gratitude for the 
magnificent cooperation extended all divisional committee members. Our 
progress direct result their faithful hard work and the direction 
supplied technical committee chairmen, other members the Executive 
Committee, and especially the Secretary. The latter also would ask your 
chairman thank all those who assisted them turn. 


Respectfully submitted, 


Pletta, Chairman 
Executive Committee 


Committee Elasticity 


The activities the committee consisted essentially reviewing papers 
for publication and possible presentation meetings sponsored the Divi- 
sion. 

total thirteen papers were received the current year. Twelve 
these papers and two more from the previous year were reviewed and re- 
turned the Division Secretary. 

the Annual Meeting October 1959 two sessions light weight construc- 
tion were co-sponsored with the Structural Divisions. Further, the committee 
has contributed paper the regional meeting Purdue University, and two 
papers the ASCE-ASME West Coast Meeting Pasadena. 


Committee Experimental Analysis and Analogues 
Since October the committee has reviewed three manuscripts which two 


were accepted and one rejected. addition one session comprised four 
new papers has been scheduled for the Boston meeting October. 


ASCE 
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Committee Fluid Dynamics 


During the past year the Fluid Dynamics Committee has been chiefly con- 
cerned with increasing interest and activity the Society Fluid Mechanics. 
help achieving this the Committee for the first time sponsoring two 
technical sessions the Annual Convention held Boston and has or- 
ganized new task Committee—“Flow Around Objects Immersed Bound- 
ary Layer.” 

The Task Committee Mechanics Stratified Flow sponsoring one 
session with three outstanding papers scheduled for presentation. second 
session Computational Methods Fluid Mechanics has been organized 
Dr. Delleur and Dr. Baines. 

The Task Committee the Mechanics Stratified Flow making prepa- 
rations for issuing symposium publication. About dozen papers have been 
presented various ASCE meetings under sponsorship the Task Commit- 
tee. These papers will form the symposium publication together with bibli- 
ography the subject which has been prepared. 

new Task Committee Flow Around Objects Immersed Boundary 
Layer has been organized. The Task Committee has the goal bringing to- 
gether knowledge from fields such meteorology, oceanography and fluid 
mechanics stimulate research civil engineering problems wind forces 
structures, atmospheric pollution and sediment transport. 

Four technical papers have been reviewed are now the process re- 
view for publication the EMD Journal. addition, seven papers were pre- 
pared for presentation the Annual Convention Boston. Continuous effort 
the Committee being directed toward the stimulation writing and sub- 
mitting good papers fluid mechanics the EMD Journal even through 100 
percent increase volume has been achieved over the previous years. 


Committee Mathematical Methods 


The past year saw decided spurt the number papers reviewed the 
committee. all total papers have been reviewed are under re- 
view the present time. Only one paper has been accepted without major re- 
vision but three are currently under review. The rate rejection was much 
higher than that for the Division whole. was suggested that this was 
not due the severity the reviewers, but rather the low caliber most 
the papers. One suggestion that the area activity the Mathematical 


Methods Committee less clearly defined than that some the other 
committees. 


Committee Mechanical Properties Materials 


The principal activity the Committee Mechanical Properties Ma- 
terials has been the arrangement one-day symposium held October 
the Annual Meeting the ASCE Boston. Several papers were presented 
the two sessions. 
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Committee Plasticity Related Design 


The Committee’s activities this year have been concerned primarily with 
the “Commentary Plastic Design Steel,” the routine processing tech- 
nical papers, and participation programs technical conferences. The 

committee thus far this year has received six new papers for review, plus 

several corrected and rewritten papers for second review. The committee 
supplied several papers for presentation the West Coast Conference. Two 
papers processed the committee were presented the May Conference 
Structural Mechanics held Purdue University. 


Committee Structural Dynamics 


The activities the Committee Structural Dynamics have been concen- 
trated three major items: (1) Review papers submitted for publication; 
(2) Preparation draft potential manual engineering practice en- 
titled Structures Resist Nuclear Weapons Effects”; and (3) 
Planning program for two sessions the Annual Meeting ASCE 
October 1960. The activity each these areas summarized below. 

the time the last annual report, four manuscripts were the review 
stage. these four, two were accepted publication and two were rejected. 
Since the last annual report, nine papers have been submitted for review. 
these, three were recommended for publication, two were recommended for 
publication after revision the author, two were rejected, and two are still 
process review. 

The draft “Design Structures Resist Nuclear Weapons Effects” was 
completed the Manual Subcommittee, Cmdr. Murphy, Chrmn. 
now being reviewed members the entire Committee Structural Dy- 
namics and number other interested people. Efforts have been initiated 
have this manual published Manual Engineering Practice the 
Society. 

Plans were made this committee for two sessions the Annual Meeting 
ASCE October 1960. These two sessions will have their theme “Pro- 
tective Construction” and will co-sponsored with the Structural Division. 


SECRETARY’S REPORT 


Engineering Mechanics Division 
American Society Civil Engineers 


October 1960, total 200 manuscripts have been received for 
review since formation the Engineering Mechanics Division 1955. 
breakdown action concerning these 200 pages noted below: 


Total Manuscripts received 200 Rejected 
Accepted Awaiting publication Under Review 


the papers listed “Under Review,” six has been returned the 
author for consideration the reviewers’ suggestions and recommendations. 
The remaining are now being processed, five which have been the 
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reviewers’ hands since June. Two the papers currently the review stage 
are scheduled for presentation the Boston meeting. 

Since October 1959, total papers have been received, pub- 
lished, two withdrawn author, rejected, approved and awaiting publi- 
cation and papers still under review. 

The increase rate submissions shown the following comparison: 


Oct. 1955 Sept. 30, 1956 papers 

Oct. 1956 Sept. 30, 1957 papers 

Oct. 1957 Sept. 30, 1958 papers 

Oct. 1958 Sept. 30, 1959 papers 

Oct. 1959 Oct. papers 
Total 


breakdown papers subject matter follows: 


Committee Papers received Papers received 

Since Oct. 1955 Since Oct. 
Elasticity 
Experimental Analysis Analogues 
Fluid Dynamics 
Mathematical Methods 
Mechanical Properties Materials 
Plasticity 
Structural Dynamics 
West Coast Committee 


Since October 1959, the rate publication manuscripts the Journal 
the Engineering Mechanics Division suggested the following comparison: 


October 1959 June 1960 


January 1960 August 1960 
April 1960 


Papers received since July 1958 which have not been presented any 
meetings through Boston total 47. these have already been published, 
are approved but not published and are under review. should also 
noted, incidentally, that number papers scheduled for the 1960 Boston 
meeting have not yet been submitted the Division for review. 

Processing manuscripts, with few minor exceptions, moving smooth- 
ly. One question regarding policy concerns the interval should allow be- 
tween the return manuscript author for revision and the date 
considered automatically withdrawn lieu author reply. 


Respectfully submitted, 


Edward Wenk, Jr. 
Secretary 


TECHNICAL NOTES 


Dan Pletta, past chairman the Executive Committee, has asked that the 
EMD members reminded the fact that short technical notes are welcome 
for publication the Division Journal. Several other societies have long 


in! 
: 
3 
4 
- 
& 
| 
| 
| 
4 
| 
| 


ASCE Engineering Mechanics Division 1960-45--7 


history success publishing technical notes and believed that they 
would serve useful purpose for EMD members. They will treated ex- 
actly the same way regular papers and hence will have rather speedy con- 
sideration and publication opportunities. These short technical notes will not 
necessarily used for program material. 


NEW COLUMN BOOK 


Column Research Council has announced the publication it’s “Guide 
Design Criteria for Metal Compression Members.” This book 112 pages 
presents condensed summary design criteria based upon recent well 
past research metal compression members buildings and bridges. 
The book written especially for the engineer who either meets special 
problems not covered standard specifications himself engaged the 
preparation specifications for such structures. Areas interest covered 
include centrally loaded columns, compression member details, laterally un- 
supported beams, and beam-columns. Constructional metals under ASTM 
Specifications are covered, including the new ASTM Structural Carbon 
Steel. 


The price for this leatherette bound volume $5.00 per copy 
and orders may placed with the 


Secretary 
Column Research Council 

313 West Engineering Building 
University Michigan 

Ann Arbor, Michigan 


MINUTES COMMITTEE MEETINGS 


West Coast Committee, June 27, 1960 
CIT, Pasadena 


The following items interest were discussed jointly with the ASME Com- 
mittee: 

The West Coast Committee the ASME Applied Mechanics Division 
now function essentially technical Committee for reviewing. The com- 
mittee will select reviewers from approved list reviewers the West 
Coast and reviews will submitted directly the West Coast Committee, 
rather than JAM, speed the reviewing process. 

Future meeting dates: 

1961 University Washington, Seattle, August 28, 29, and 30. (It was noted 
that the Midwest Conference Solid Mechanics scheduled September 
1961). 


1962 4th National Congress Berkeley June West Coast Con- 
ference. 

1963-64 Meeting date for 1963 tentatively set for week preceding Labor Day 
meeting place open. The ASME Applied Mechanics Division Executive Com- 
mittee has been asked try re-schedule the 1963 National Conference for 
Boulder Boulder 1964. which case the 1964 West Coast Conference 
would amalgamated with the National Conference Boulder for that year. 
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joint motion was passed the effect that these committees desired that 
every fourth year the West Coast Conference and the National Applied Me- 
chanics Conference would amalgamated and the meeting held the west. 
These would the years the International Congress (1964 would the 
first year for this amalgamated conference). was indicated that these 
years the meetings could extended more than three days accommodate 
the additional papers. 

The possibility having the meetings hotels resort areas was dis- 
cussed, but dismissed due cost and difficulty transportation. 

The ASME Committee requested that the ASCE Committee make ef- 
fort have reprints papers available the conferences. 

The ASME Committee indicated that the ASME was willing continue 
bear the cost printing all the programs for both ASME and ASCE use. 
However, was indicated that the ASCE may able assist financially 
other ways, such the cost making special mailing lists from the lists 
registrants. 

Items from minutes private ASCE committee meetings: 

Committee Objectives was decided that the committee should attempt 
(i) promote work this subject our own organizations and demon- 
strate the need national agencies and other organizations. (ii) support 
proposals made for funds for the carrying through this work. (iii) ar- 
range programs ASCE meetings. (iv) collect symposium related 
papers published ASCE Proceedings. 


Task Committee 
“Flow Around Objects Immersed Boundary Layer” 
September 1960 Ann Arbor, Michigan 


Baines reported air tunnel study the pressure distribution 
vertical walls and linear vertical profile. Due limitations the tunnel 
and instrument only qualitative results have been obtained. 

For walls perpendicular the flow the pressure gradients the front face 
are not steep the stagnation pressure gradient the flow. The narrow- 
the building, the steeper the surface pressure gradient. 

For walls angle the flow the surface pressures follow the same 
variation the stagnation pressures. 

the wake downstream the wall the pressure constant value ap- 
proaching that expected for the highest velocity the mean flow the flow 
had constant profile. 

Purpose these studies the defiring rules for analysis wind forces 
buildings with natural wind velocity gradient. 

Other staff members Toronto are studying the diffusion gases from 
industrial stacks. They have found that velocity gradients near the ground in- 
fluence the plume shape. 

Cermak reported study made the separation zone behind two- 
dimensional fence extending vertically into boundary layer. The length 
the zone was found proportional the height the fence and the vari- 
ation was linear over most the range. 

Currently, investigations are being made the diffusion from point 
source boundary layer. planned heat the floor future work 
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produce temperature gradient across the layer and eventually introduce 
two-dimensional topography downstream the point introduction the 
tracer. hoped that from this study that scaling factors can determined 
for model studies atmosphere pollution besides assisting theoretical de- 
velopments. 

proposed that studies also made diffusion the presence 
rough surface. Roughnesses elements are being considered such size that 
there will large velocity change along the height. 

Eagleson reported interest the effects velocity gradients re- 
sulting from studies sediment transport. short study made the drag 
sphere rolling down plane showed considerably different drag coeffi- 
cient from that for flow without velocity gradient. the future hoped 
that electro-magnetic balance can constructed that forces sphere 


suspended flow can measured independent the effects mechanical 
friction. 


Committee Objectives 
was decided that the committee should attempt 
(i) promote work this subject our own organizations and 
demonstrate the need national agencies and other organizations. 


(ii) support proposals made for funds for the carrying through this 
work. 


(iii) arrange programs ASCE meetings. 

(iv) collect symposium related papers published ASCE Pro- 
ceedings. 

The committee interested having its name changed. Inasmuch many 
the practical problems flows with velocity gradients not involve 
boundary layer distribution e.g. wave forces, was decided that the name 


the committee should changed. The name suggested was “Flow Around Ob- 
jects Non-uniform Velocity Field.” 


Items for February Letter 

your editor receives sufficient material news letter will prepared 
for circulation with the EMD Journal dated February 1961. attempt being 
made have the deadline for newsletter material set forward in- 
crease its news value; however, until decision made change, will 
necessary operate under the current policy which requires that items for 
use the February 1961 newsletter the editors desk Thursday, De- 
cember 29, 1960. 

the Annual Meeting the EMD Executive Committee considerable in- 
terest was expressed devoting more space here editorial comments 
members the division. Your brief editorial comments well news 
items will enhance the value the news letter and will enthusiastically 
received. 

Donald Dean 

News Letter Editor EMD 
Department Civil Engineering 
University Delaware 

Newark, Delaware 


NEW DIRECTORY AVAILABLE MEMBERS 


The 1960 Directory now available members request. The Directory 
lists the entire membership the Society, giving the membership grade, 
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position, and mailing address each. addition, there complete listing 
the Honorary Members, past and present, and the Life Members. useful 
geographical listing the members also included. 

goes without saying that the information contained the Directory 
value every member, and every member can obtain this valuable informa- 
tion. receive your free copy the Directory simply fill out the coupon 
below. Prompt delivery depends prompt return the coupon. 

The Society publishes the membership Directory every other year. The 
next edition will issued 1962. 


DIRECTORY 1960 


ASCE members are entitled receive, free charge, the 1960 ASCE Di- 
rectory. obtain the directory simply clip this coupon and mail to: Ameri- 
can Society Civil Engineers, West 39th Street, New York 18, 

Please make the mailing label legible—correct delivery depends you. 


Print Name 


Address 


City Zone State 


1960-Dir. 


PAPERS FROM THE 2nd CONFERENCE ELECTRONIC COMPUTATION 


The papers presented the 2nd Conference Electronic Computation 
Pittsburgh, September 8-9, 1960, are being offered single hard-bound 
volume. This special edition composed the thirty two technical papers, 
the welcome address, keynote address and three luncheon addresses, all 
delivered the Conference. The price (post-paid) follows: 


Members Non Members 
$6.50 $13.00 


you wish order copy this publication please use the attached order 
form. 


Cost per copy.... 


2ndCP 


CUT HERE------------------------------ 
American Society Civil Engineers Name 
West 39th St., New York 18, (Please Print) 
Please send copy(s) the 2nd Address 
Conference Electronic Computation 
City Zone State 
Iam not member 


ASCE. The amount enclosed 
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